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INTRODUCTION 


Apoptosis  plays  an  essential  role  in  animal  development  and  in  maintaining  the  homeostasis 
of  adult  tissues  (1).  The  family  of  caspases  (cysteine  aspartic  acid-specific  protease)  is  the  key 
effectors  in  the  execution  of  apoptotic  cell  death  (2).  Caspases  are  synthesized  as  inactive 
proenzymes,  which  become  proteolytically  cleaved  during  apoptosis  to  generate  active  enzymes.  The 
active  caspases  cleave  cellular  proteins  such  as  poly(ADP-ribose)  polymerase  (PARP1)  to  dismantle 
the  apoptotic  cells  (3).  The  exact  mechanism(s)  whereby  various  caspases  become  activated  are  still 
unclear.  Two  pathways  leading  to  caspase  activation  are  relatively  better  understood.  In  the  first, 
apoptotic  stimuli  cause  the  release  of  cytochrome  c  (cyt.  c)  from  the  intermembrane  space  (IMS)  of 
the  mitochondria  to  the  cytosol.  The  released  cyt.  c  binds  to  and  activates  the  adaptor  protein  Apaf-1, 
which  in  turn  activates  the  initiator  procaspase-9  in  the  presence  of  ATP,  leading  to  the  formation  of 
apoptosome  and  subsequent  activation  of  “executioner”  caspases  such  as  caspase-3,  -6,  or  -7  (4).  In 
the  second,  the  FADD/TRADD  adaptor  proteins  recruit  the  initiator  procaspase-8  (or  -10)  to  cell 
surface  death  receptors,  leading  to  DISC  (Death  Receptor-Induced  Signaling  Complex)  formation, 
caspase-8  activation,  and,  subsequently,  activation  of  executioner  caspases  (5). 

Most  PCa  have  evolved  various  mechanisms  to  subvert  apoptotic  program  and  are  also 
resistant  to  apoptosis  induction  by  most  conventional  chemotherapeutic  drugs.  In  both  cases  we  know 
little  about  the  underlying  molecular  mechanisms.  Attenuated  apoptotic  response  and  extended  cell 
survival  seem  to  be  closely  associated  with  the  initiation,  progression  and  metastasis  of  PCa  as  well  as 
with  their  resistance  to  drugs  (4-7).  Our  novel  apoptotic  model  (MAP,  Mitochondria-dependent 
apoptotic  pathway)  may  partially  explain  the  long-term  survivability  and  drug  resistance  in  PCa  cells 
(8-10).  My  main  objective  in  proposed  grant  is  to  elucidate  the  following  two  specific  aims: 

1)  To  determine  whether  increased  cytochrome  c  translocation  to  mitochondria  during  MAP 
induction  is  required  for  apoptosis  to  occur? 

In  the  first  year  of  Statement  of  work,  I  addressed  the  Specific  Aim  1.  We  found  that  variety  of 
apoptotic  inducers  including  certain  chemicals  and  chemotherapeutic  drugs  seem  to  kill  PCa  cells 
by  activating  MAP.  Apoptosis  induced  by  many  stimuli  involves  an  early  mitochondrial 
activation,  which  is  characterized  by  up-regulation  of  the  mitochondrial  respiratory  chain  (MRC) 
proteins  and  many  other  mitochondrially-localized  non-MRC  proteins  (11).  The  early  up- 
regulated  cyt.  c  translocates  to  the  mitochondria,  which  precede  its  release.  Continuous  apoptotic 
response  results  in  release  of  cyt.  c  from  mitochondria  to  execute  caspase  activation  and 
apoptosis. 

2)  To  determine  how  mitochondrial  procaspase-3  is  activated  in  the  organelle. 

In  the  second  year  of  Statement  of  work,  I  addressed  specific  Aim  2.  Now  we  know  that  apart 
from  their  cytosolic  residence,  various  procaspases  are  also  localized  in  other  subcellular 
compartments.  For  example,  depending  on  cell  types,  procaspase-2  (12),  procaspase-3  (13,14), 
procaspase-8  (15),  and  procaspase-9  (12,16)  have  been  reported  to  be  present  in  the  IMS  of  the 
mitochondria.  In  all  these  apoptotic  systems,  it  is  generally  thought  that  procaspases  “stored”  in 
various  subcellular  compartments  are  released,  upon  apoptosis  induction,  and  become  activated 
in  the  cytosol,  or  that  the  cytosolically  activated  caspases  translocate  to  various  organelles  to 
participate  in  apoptosis.  It  is  as  yet  unclear  whether  the  procaspases  localized  in  the  organelles 
(e.g.,  mitochondria)  can  ever  be  activated  in  situ.  Because  procaspase-9  is  present  in  the  IMS  of 
the  mitochondria  (12,16,  17),  we  hypothesized  that  the  increased  mitochondrial  cyt.  c  might  lead 
to  the  activation  of  procaspase-9,  and  subsequently,  of  procaspase-3,  inside  the  organelle.  In  this 
study,  we  utilized  our  MAP  model  to  test  this  hypothesis.  Our  results  show  no  evidence  of  cyt. 
c/Apaf-1 -mediated  procaspase-9  activation  inside  the  mitochondria.  Instead,  the  results  suggest 
that  the  mitochondrial  active  caspase-9  and  -3  result  mostly  from  the  translocation  from  the 
cytosol  and  partly  from  caspase-mediated  activation  in  the  mitochondria. 
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BODY 


Materials  and  Methods:  Please  find  details  of  experimentals  in  attached  manuscript  (Chandra  et  al.,  J. 

Biol.  Chem.,  2002;  Chandra  and  Tang,  J.  Biol.  Chem,  2003)  in  Appendix. 

Results  and  Discussion:  Complete  findings  are  illustrated  in  our  published  manuscript  (Chandra  et  al., 

J.  Biol.  Chem,  2002;  Chandra  and  Tang,  J.  Biol.  Chem,  2003)  attached  in 
Appendix  section. 


KEY  RESEARCH  ACCOMPLISHMENTS 

For  Specific  Aim  1: 

1)  We  found  that  apoptosis  in  multiple  cell  types  induced  by  a  variety  of  stimuli  is  preceded  by  an 
early  induction  of  MRC  proteins  such  as  cytochrome  c  (which  is  encoded  by  a  nuclear  gene)  and 
cytochrome  c  oxidase  subunit  II  or  COX  II  (which  is  encoded  by  the  mitochondrial  genome). 
Several  non-MRC  proteins  that  are  normally  localized  in  the  mitochondria,  e.g.,  Smac,  Bim,  Bak, 
and  Bcl-2,  are  also  rapidly  upregulated. 

2)  The  upregulation  of  many  of  these  proteins  (e.g.,  cytochrome  c  and  COX  II)  result  from 
transcriptional  activation  of  the  respective  genes. 

3)  The  upregulated  cytosolic  cytochrome  c  rapidly  translocates  to  the  mitochondria,  resulting  in  a 
dramatic  accumulation  of  holocytochrome  c  in  the  mitochondria,  accompanied  by  increasing 
holocytochrome  c  release  into  the  cytosol. 

4)  The  increased  cytochrome  c  transport  from  cytosol  to  the  mitochondria  does  not  depend  on  the 
mitochondrial  protein  synthesis  or  MRC  per  se.  In  contrast,  cytochrome  c  release  from  the 
mitochondria  involves  dynamic  changes  in  Bcl-2  family  proteins  (e.g.,  upregulation  of  Bak  and 
cytosolic  translocation  of  Bcl-xL),  loss  of  mitochondrial  membrane  potential  (D\|/m),  free  radical 
generation,  and  opening  of  permeability  transition  pore  (PTP). 

5)  Early  induction  of  MRC  proteins  occurs  prior  to  caspase  activation,  PARP  cleavge  and  apoptosis 
induced  by  various  stimuli  in  multiple  cell  types. 

6)  Over-expression  of  cytochrome  c  enhances  caspase  activation  and  promotes  cell  death  but  simple 
upregulation  of  cytochrome  c  using  an  ecdysone-inducible  system  is,  by  itself,  insufficient  to 
induce  apoptosis. 

7)  As  simple  upregulation  of  cytochrome  c  using  ecdysone  inducible  system  and  pCMS-EGFP  did 
not  result  in  increase  apoptosis  provided  evidence  that  only  upregulation  of  cytochrome  c  is  not 
sufficient  to  induce  apoptosis.  Hence  we  did  not  make  an  attempt  to  generate  ecdysone  inducible 
cells  expressing  antisense  cytochrome  c. 

For  Specific  Aim  2: 

1)  We  found  that  mitochondria  possess  more  significant  caspase  activity  than  cytosol  in  multiple 
types  of  cells  to  execute  apoptosis  induced  by  a  variety  of  stimuli. 

2)  The  mitochondrial  caspase-9  activation  generally  appears  either  after  the  cytosolic  caspase-9 
activation  or  concomitant  with  the  cytosolic  caspase-9  activation. 

3)  Apaf-1  localizes  exclusively  in  the  cytosol  and  translocates  to  the  perinuclear  area  during 
apoptosis.  Mitochondrial  procaspase-9  and  —3  also  translocated  to  the  cytosol/perinuclear  area  in 
multiple  cell  system  with  multiple  inducers. 

4)  Biochemical  analyses  demonstrate  that  active  caspases  are  located  in  the  IMS  of  the 
mitochondria. 

5)  Cytochrome  c  and  the  mitochondrial  matrix  protein  Hsp60  are  also  rapidly  released  to  the  cytosol 
early  during  apoptosis.  Both  the  early  release  of  proteins  like  cytochrome  c  and  Hsp60  from  the 
mitochondria  as  well  as  the  later  translocation  of  the  active  caspase-9/-3  are  partially  inhibited  by 
cyclosporin  A,  an  inhibitor  of  mitochondrial  membrane  permeabilization. 
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6)  In-vitro  reconstitution  and  biochemical  analyses  clearly  demonstrates  that  mitochondrially- 
localized  active  caspases  result  mostly  from  translocation  from  cytosol. 

7)  Utilizing  recombinant  active  caspases  in  reconstitution  experiments  we  for  the  first  time 
demonstrates  that  mitochondrial  procaspases  can  be  activated  in  the  organelle  itself. 

8)  Our  recent  findings  also  suggest  association  of  active  caspase-8  with  mitochondria/ER  enriched 
membrane  fraction. 

9)  Mitochondrially  localized  active  caspase-8  can  activate  cytosolic  caspase-3  and  ER  localized 
BAP-31  indicating  mitochondria-ER  crosstalk. 

10)  The  mitochondrial  active  caspases  may  function  as  a  positive  feedback  mechanism  to  further 
activate  other  or  residual  mitochondrial  procaspases,  degrade  mitochondrial  constituents,  and 
disintegrate  mitochondrial  functions. 


REPORTABLE  OUTCOMES 

Publications: 

1)  Bhatia,  B.,  Maldonado,  C.J.,  Tang,  S.,  Chandra,  D.,  Klein,  R.D.  Chopra,  D.,  Shappell,  S.,  Yang,  P., 
Newman,  R.A.,  and  Tang,  D.G.  (2003)  Subcellular  localization  and  tumor-suppressive  functions  of 
15-lipoxygenase-2  (15-LOX2)  and  its  splice  variants.  Journal  of  Biological  Chemistry,  278,  25091- 
iOO. 

2)  Chandra,  D.  and  Tang,  D.G.  (2003)  Mitochondrially-localized  active  caspase-9  and  caspase-3 
results  mostly  from  translocation  from  cytosol  and  partly  from  caspase-mediated  activation  in  the 
organelle-  Lack  of  evidence  for  Apaf-1 -mediated  procaspase-9  activation  in  the  mitochondria. 
Journal  of  Biological  Chemistry,  278,  17408-17420. 

3)  Chandra,  D.,  Liu,  J-W.,  and  Tang,  D.  G.  (2002)  Early  mitochondria  activation  and  cytochrome  c  up- 
regulation  during  apoptosis.  Journal  of  Biological  Chemistry,  277,  50842-50854. 

Abstract  presented  in  conferences: 

1)  Choy,  G.,  Chandra,  D.,  Daniel,  P.,  Liu,  J.,  and  Tang,  D.G.  The  Role  of  Bax  and  Bak  in  Determining 
Cancer  Cell  Sensitivity  to  Apoptosis  Induction.  Keystone  symposium,  Denver,  USA,  Feb.  3-8,  2004. 

2)  Chandra,  D.  and  Tang  D.  G.  Mitochondrial  activation-dependent  apoptosis  in  prostate  cancer  cells. 
Prostate  Cancer  Foundation  Tenth  Annual  Scientific  Retreat,  New  York,  USA,  Nov.  8-10,  2003. 

3)  Chandra,  D.,  Deng,  X.A.,  and  Tang,  D.G.  Role  of  mitochondrially-localized  caspase-8  in  etoposide- 
induced  breast  cancer  cell  apoptosis.  Meeting  on  Programmed  Cell  Death,  Cold  Spring  Harbor 
Laboratory,  Cold  Spring  harbor,  New  York,  USA,  Sept.  17-21,  2003. 

4)  Liu,  J.,  Chandra,  D.,  and  Tang,  D.G.  Transcriptional  regulation  of  BH3-only  protein  Bim  by  ROS 
during  mitochondrial  activation-dependent  apoptosis.  Meeting  on  Programmed  Cell  Death,  Cold 
Spring  Harbor  Laboratory,  Cold  Spring  harbor,  New  York,  USA,  Sept.  17-21,  2003. 

5)  Chandra,  D.  and  Tang,  D.  G.  Mitochondria  activation-dependent  apoptotic  pathway  (MADAP): 
Transcriptional  activation  of  cytochrome  c  and  increased  translocation  of  cytochrome  c  to 
mitochondria  preceding  apoptosis.  93rd  Annual  Meeting  of  American  Association  for  Cancer 
Research,  San  Francisco,  California,  USA,  April  6-10,  2002. 


CONCLUSIONS 

I  conclude  that  early  during  apoptosis  there  is  prominent  mitochondrial  activation,  characterized  by  increased 
mitochondrial  respiration,  electron  transport,  and  upregulation  of  multiple  respiration-related  genes,  in 
particular,  cytochrome  c.  This  early  mitochondrial  activation  apparently  represents  a  defensive  mechanism 
(J.  Biol.  Chem.,  277,  50842-54;  2002).  Later,  when  the  apoptotic  machinery  is  activated,  I  notice  that  there  is 
prominent  localization  of  active  caspase-9  and  —3  in  the  mitochondria.  Biochemical  characterizations 
revealed  that  the  majority  of  the  mitochondrially-localized  active  caspases,  including  caspase-9  and  3,  result 
from  translocation  from  the  cytosol  (J.  Biol.  Chem.,  278,  17408-20;  2003). 
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THE  ROLE  OF  BAX  AND  BAK  IN  DETERMINING  CANCER  CELL  SENSITIVITY  TO 
APOPTOSIS  INDUCTION. 

Grace  Choy1,  Dhyan  Chandra1,  Peter  Daniel2,  Junwei  Liu1,  and  Dean  Tang1 

UT  M.D.  Anderson  Cancer  Center1.  Molecular  Hematology  and  Oncology,  Charite  -  Campus  Berlin- 

Buch,  Humboldt  University,  Germany2. 

The  proapoptotic  Bcl-2  family  proteins,  Bax  and  Bak,  have  been  shown  to  be  essential  for 
initiating  the  mitochondrial  pathway  of  apoptosis  by  inducing  cytochrome  C  release.  However,  the 
molecular  pathway  by  which  this  occurs  is  not  completely  understood.  In  cancer  cells  that  have 
generally  sustained  numerous  mutations  in  the  survival/apoptotic  pathways,  the  effect  of  Bax  and 
Bak  on  cell  sensitivity  to  various  apoptotic  stimuli  has  not  been  well  studied.  In  this  project,  we 
utilized  a  prostate  cancer  cell  line,  Dul45,  which  lacks  the  expression  of  Bax,  and  first  asked  whether 
restoration  of  Bax  expression  could  sensitize  cells  to  apoptosis  induction.  We  observed  that  the 
reconstituted  expression  of  Bax  in  Dul45  resulted  in  an  increased  sensitivity  to  various  apoptotic 
stimuli  including  etoposide,  thapsigargin,  staurosporine,  y-irradiation  and  Fas/cycloheximide.  This 
increased  sensitivity  was  accompanied  by  increased  cytochrome  C  and  Smac  release  as  well  as 
caspase  activation.  In  addition,  the  role  of  Bak  in  cell  sensitivity  to  apoptotic  stimuli  will  be  studied 
using  Bak  specific  siRNA.  The  results  would  allow  us  to  determine  the  importance  of  Bax  and  Bak 
in  the  induction  of  apoptosis  in  cancer  cell  lines.  The  outcome  of  this  project  has  general  implications 
in  evaluating  the  role  of  Bax  and  Bak  in  cancer  cell  sensitivity  to  various  therapeutics. 
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MITOCHONDRIAL  ACTIVATION-DEPENDENT  APOPTOSIS  IN  PROSTATE  CANCER 
CELLS 


Dhyan  Chandra*,  and  Dean  G.  Tang 

Department  of  Carcinogenesis,  The  University  of  Texas  M.D.  Anderson  Cancer 
Center,  Science  Park  Research  Division,  Smithville,  TX  78957. 


Most  prostate  cancer  (PCa)  have  a  protracted  history  of  development,  suggesting  that  PCa 
cells  must  have  evolved  various  mechanisms  to  subvert  apoptotic  program.  PCa  cells  are  also 
resistant  to  apoptosis  induction  by  most  conventional  chemotherapeutic  drugs.  Attenuated  apoptotic 
response  and  extended  cell  survival  seem  to  be  closely  associated  with  the  initiation,  progression  and 
metastasis  of  PCa  as  well  as  with  their  resistance  to  drugs.  Recently,  we  identified  a  novel  apoptotic 
pathway,  MADAP  (mitochondrial  activation-dependent  apoptotic  pathway)  that  seems  to  operate  in 
prostate  cancer  cells  as  well  as  many  other  cancer  cells. 

MADAP  involve  an  early  mitochondrial  activation  characterized  by  increased  mitochondrial 
respiration,  electron  transport,  and  upregulation  of  multiple  respiration-related  genes,  in  particular, 
cytochrome  c.  The  upregulated  cytochrome  c  rapidly  translocates  to  and  accumulates  in  the 
mitochondria,  which  contributes  to  entire  apoptotic  process  (Chandra  et  al.,  J.  Biol.  Chem.,  277, 
50842-54;  2002).  The  accumulated  cytochrome  c  in  the  mitochondria  early  during  apoptosis  also 
raises  a  possibility  that  the  mitochondrially-localized  capsase-9  might  be  activated  In  Situ  in  an  Apaf- 
1 /cytochrome  c-dependent  manner.  Out  subsequent  biochemical  characterizations,  however,  exclude 
this  possibility  and  shows  that  the  majority  of  the  mitochondrially-localized  active  caspases, 
including  caspase-9  and  caspase-3,  result  from  translocation  from  the  cytosol  (Chandra  and  Tang,  J. 
Biol.  Chem.,  278,  17408-20;  2003). 

We  are  currently  further  studying  the  role  of  MADAP  in  (prostate)  cancer  cell  apoptosis. 
Elucidation  of  this  pathway,  especially  the  roles  of  the  mitochondrial  active  caspases  and  the 
mechanisms  of  apoptosome  regulation,  will  lay  a  foundation  for  the  development  of  novel  apoptosis- 
based  anti-prostate  cancer  therapeutics. 


*D.  Chandra  gratefully  acknowledges  the  financial  support  from  Department  of  Defense  (D AMD  17- 
02-1-0083)  in  the  form  of  Postdoctoral  Traineeship  Awards. 
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ROLE  OF  MITOCHONDRI ALLY-LOCALIZED  CASPASE-8  IN  ETOPOSIDE-INDUCED 
BREAST  CANCER  CELL  APOPTOSIS 
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We  recently  reported  that  active  caspase-9  and  -3  become  associated  with  the  mitochondria  in 
multiple  models  of  chemically-induced  apoptosis  (Chandra  and  Tang  (2003)  J.  Biol.  Chem.  278, 
17408-17420).  Here  we  show  that,  in  MDA-MB-231  cells  treated  with  etoposide  (VP  16),  active 
caspase-8  was  detected,  surprisingly,  only  in  the  mitochondria-enriched  membrane  fractions, 
concomitant  with  cytochrome  c  release,  PARP  cleavage,  and  apoptotic  cell  death.  Experiments  with 
highly  purified  mitochondria  confirmed  the  mitochondrial  localization  of  the  active  caspase-8. 
Interestingly,  caspase-2  was  found  to  be  upregulated  also  only  in  the  mitochondria  in  response  to 
etoposide  treatment.  In  contrast  to  caspase-8  and  -2,  active  caspase-9  and  -3  were  detected  in  both 
mitochondrial  and  cytosolic  fractions.  These  observations  raise  the  possibility  that,  in  response  to 
DNA-damaging  signals  such  as  VP  16,  caspase-8  is  either  activated  in  the  mitochondria  or  first 
activated  in  the  cytosol  then  translocate  to  the  organelle,  which  then  contributes  to  apoptotic  process. 
Currently,  we  are  using  siRNA  and  dominant  negative  mutants  to  test  this  possibility. 
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Transcriptional  regulation  of  BH3-only  protein  Bim  by  ROS  during  mitochondrial  activation- 
dependent  apoptosis 
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Bim,  a  BH3-only  apoptotic  protein,  is  upregulated  in  several  models  of  mitochondrial  activation- 
dependent  apoptosis  (MADAP,  Chandra,  JBC,  2002).  To  elucidate  the  mechanisms  of  Bim 
upregulation  in  these  apoptotic  models,  we  treated  several  human  epithelial  cell  lines  with  various 
stress  factors  and  found  that  Bim  was  upregulated  in  all  cell  models  studied.  Accompanying  Bim 
upregulation  there  were  cytochrome  c  release,  caspase-3  activation  and  apoptotic  cell  death.  In 
addition  to  Bim,  Fox03a  and  several  protective  factors  including  p27,  MnSOD  and  Cu/ZnSOD  were 
also  upregulated  at  the  transcriptional  level.  It  has  been  reported  that  expression  of  Bim  was 
regulated  by  Fox03a  in  T  lymphocytes  (Dijkers,  Current  biol.,  2000).  In  our  study,  we  observed  that 
there  were  higher  ROS  (reactive  oxygen  species)  levels  in  the  treated  cell  lines.  The  upregulation  of 
Fox03a,  Bim  and  the  protective  molecules  could  all  be  blocked  when  the  ROS  generation  was 
inhibited.  ROS  generation  was  independent  and  proceeding  of  caspase  activation.  Based  on  the  above 
results,  we  conclude  that  ROS  generation  during  MADAP  induces  the  upregulation  of  both  pro- 
apoptotic  (e.g.,  Bim)  and  anti-apoptotic  (e.g.,  MnSOD)  molecules.  Persistent  apoptotic  stimulation 
then  tilts  the  balance  towards  cell  death. 
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Mitochondrial  Respiratory  Chain  (MRC)-Dependent  Apoptotic  Pathway:  Upregulation  of  MRC 
Proteins,  Accumulation  of  Cytochrome  c  in  the  Mitochondria,  and  Lack  of  Release  of  Mitochondrial 
Cytochrome  c  Prior  to  Caspase  Activation  and  Apoptosis 

Dhyan  Chandra,  and  Dean  G.  Tang 

Department  of  Carcinogenesis,  University  of  Texas  MD  Anderson  Cancer  Center,  Science  Park 
Research  Division,  Smithville,  TX  78957 

Apoptosis  induced  by  many  stimuli  requires  the  mitochondrial  respiratory  chain  (MRC),  but  the 
molecular  mechanisms  underlying  this  MRC-dependent  apoptotic  pathway,  or  MAP,  remain  unclear. 
We  report  here  that,  during  MAP,  MRC  proteins  such  as  cytochrome  c,  which  is  encoded  by  a  nuclear 
gene,  and  cytochrome  c  oxidase  subunit  II  (COX  II),  which  is  encoded  by  the  mitochondrial  genome, 
are  rapidly  upregulated.  The  upregulation  of  both  cytochrome  c  and  COX  II  results  from  transcriptional 
activation  of  the  respective  genes.  The  upregulated  cytosolic  cytochrome  c  rapidly  translocates  to 
mitochondria,  resulting  in  a  dramatic  accumulation  of  cytochrome  c  in  the  mitochondria  prior  to 
caspase  activation  and  apoptosis.  The  increased  translocation  of  cytochrome  c  from  cytosol  to  the 
mitochondria  does  not  depend  on  the  mitochondrial  protein  synthesis  or  MRC  per  se.  Surprisingly,  no 
apparent  cytochrome  c  release  is  observed  when  caspases  are  activated  and  when  cells  show  apoptotic 
nuclear  morphologies,  as  revealed  by  several  biochemical  and  biological  methods.  Over-expression  of 
cytochrome  c  enhances  caspase  activation  and  promotes  cell  death  triggered  by  MAP  inducers, 
although  simple  upregulation  of  cytochrome  c  using  an  ecdysone-inducible  system  is,  by  itself, 
insufficient  to  induce  apoptosis.  Taken  together,  these  results  suggest  that  early  induction  of  MRC 
genes,  rapid  translocation  of  cytochrome  c  to  and  its  accumulation  in  the  mitochondria,  and  absence  of 
cytochrome  c  release  from  mitochondria  prior  to  caspase  activation  are  cardinal  features  of  MAP. 
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Apoptosis  induced  by  many  stimuli  requires  the  mito¬ 
chondrial  respiratory  chain  (MRC)  function.  While 
studying  the  molecular  mechanisms  underlying  this 
MRC-dependent  apoptotic  pathway,  we  find  that  apo¬ 
ptosis  in  multiple  cell  types  induced  by  a  variety  of 
stimuli  is  preceded  by  an  early  induction  of  MRC  pro¬ 
teins  such  as  cytochrome  c  (which  is  encoded  by  a  nu¬ 
clear  gene)  and  cytochrome  c  oxidase  subunit  II  (COX  II) 
(which  is  encoded  by  the  mitochondrial  genome).  Sev¬ 
eral  non-MRC  proteins  localized  in  the  mitochondria, 
e.g.  Smac,  Bim,  Bak,  and  Bcl-2,  are  also  rapidly  up-reg¬ 
ulated.  The  up-regulation  of  many  of  these  proteins  (e.g. 
cytochrome  c,  COX  EE,  and  Bim)  results  from  transcrip¬ 
tional  activation  of  the  respective  genes.  The  up-regu¬ 
lated  cytosolic  cytochrome  c  rapidly  translocates  to  the 
mitochondria,  resulting  in  an  accumulation  of  holocyto- 
chrome  c  in  the  mitochondria  accompanied  by  increas¬ 
ing  holocytochrome  c  release  into  the  cytosol.  The  in¬ 
creased  cytochrome  c  transport  from  cytosol  to  the 
mitochondria  does  not  depend  on  the  mitochondrial 
protein  synthesis  or  MRC  per  se.  In  contrast,  cyto¬ 
chrome  c  release  from  the  mitochondria  involves  dy¬ 
namic  changes  in  Bcl-2  family  proteins  (e.g.  up-regula- 
tion  of  Bak,  Bcl-2,  and  Bcl-xL),  opening  of  permeability 
transition  pore,  and  loss  of  mitochondrial  membrane 
potential.  Overexpression  of  cytochrome  c  enhances 
caspase  activation  and  promotes  cell  death  in  response 
to  apoptotic  stimulation,  but  simple  up-regulation  of 
cytochrome  c  using  an  ecdysone-inducible  system  is,  by 
itself,  insufficient  to  induce  apoptosis.  Taken  together, 
these  results  suggest  that  apoptosis  induced  by  many 
stimuli  involves  an  early  mitochondrial  activation, 
which  may  be  responsible  for  the  subsequent  disruption 
of  MRC  functions,  loss  of  Aifrm,  cytochrome  c  release,  and 
ultimately  cell  death. 


Mitochondria  generate  ATP  through  the  mitochondrial  res¬ 
piratory  chain  (MRC),1  which  is  composed  of  four  multisubunit 
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respiration  complexes  (I-IV)  and  two  mobile  electron  carriers 
(Le.  cytochrome  c  and  ubiquinone).  Electrons  from  reducing 
substrates  such  as  NADH  and  succinate  are  transferred  from 
complex  I  (NADH  dehydrogenase)  or  complex  H  (succinate 
dehydrogenase),  respectively,  to  ubiquinone,  to  complex  III  (cy¬ 
tochrome  c  reductase),  to  cytochrome  c,  to  complex  IV  (cyto¬ 
chrome  c  oxidase  or  COX),  and  finally  to  02.  The  electron 
transport  through  complexes  I,  III,  and  IV  is  accompanied  by 
the  pumping  of  protons  from  the  matrix  to  the  intermembrane 
space,  where  the  protons  establish  a  mitochondrial  membrane 
potential  (Ai l/m)  by  forming  a  proton  and  a  pH  gradient.  The 
reverse  flow  of  the  protons  from  the  intermembrane  space  into 
the  matrix  drives  another  multiprotein  complex,  FjF i-ATPase 
(or  complex  V),  to  produce  ATP.  The  protein  subunits  in  com¬ 
plexes  I,  III,  IV,  and  V  are  encoded  by  both  nuclear  and  mito¬ 
chondrial  genomes,  thus  necessitating  smooth  communications 
between  and  coordinated  gene  expressions  from  two  genomes 
(1).  Abnormal  MRC  functions  due  to  genetic  defects  or  chemical 
disruption,  for  example,  result  in  a  deficiency  in  ATP  genera¬ 
tion,  leading  to  cell  necrosis  (2-4). 

Mitochondria  also  play  a  pivotal  role  in  regulating  another 
mode  of  cell  death,  i.e.  apoptosis.  Mitochondria  generally  play  a 
proapoptotic  role  in  most  model  systems,  evoking  different 
mechanisms  including  ROS  production  (5-7),  Ca2+  release  (8, 
9),  A ifjm  collapse  (10),  opening  of  the  permeability  transition 
pores  (PTP)  (11,  12),  matrix  swelling  and  outer  membrane 
rupture  (13),  and  release  of  apoptogenic  factors  including  cyto¬ 
chrome  c  (14,  15),  apoptosis-inducing  factor  (16),  second  mito- 
chondria-derived  activator  of  caspase  (Smac/DIABLO;  see  Refs. 
17  and  18),  Smac-related  serine  protease  HtrA2  (19-22),  endo¬ 
nuclease  G  (23),  and  caspases  (24,  25).  Exactly  how  these 
diverse  mechanisms  converge  to  activate  caspases  is  still  un¬ 
clear.  Two  apoptotic  pathways  are  relatively  well  understood  at 
the  molecular  level.  In  the  intrinsic  (or  mitochondrial)  path¬ 
way,  apoptotic  signaling  somehow  impacts  mitochondria  such 
that  the  mitochondrial  cytochrome  c  is  released  into  the  cy¬ 
tosol,  where  it  binds  to  the  adaptor  protein  Apaf-1  and  pro- 
caspase-9,  leading  to  the  formation  of  apoptosome  and  subse- 


A/D,  actinomycin  D;  AFC,  7-amino-4-trifluoromethylcoumarin; 
BMD188,  a  hydroxamic  acid  compound;  CHX,  cycloheximide;  COX  II, 
cytochrome  c  oxidase  subunit  II;  CsA,  cyclosporin  A;  DAPI,  4 ',6- 
diamidino-2-phenylindole;  GFP,  green  fluorescence  protein;  MADAP, 
mitochondrial  activation-dependent  apoptotic  pathway;  PARP,  poly- 
(ADP-ribose)  polymerase;  PTP,  permeability  transition  pore;  ROS,  re¬ 
active  oxygen  species;  RT,  reverse  transcriptase;  VDAC,  voltage-de¬ 
pendent  anion  channel;  VP  16,  etoposide;  p°  cells,  respiration-deficient 
cells;  TNF-a,  tumor  necrosis  factor-a;  AFC,  7-amino-4-trifluoromethyl- 
coumarin;  CHAPS,  3-[(3-cholamidopropyl)dimethylammonio]-l- 
propanesulfonic  acid;  z,  benzyloxycarbonyl;  fmk,  fluoromethyl  ketone; 
FBS,  fetal  bovine  serum;  PBS,  phosphate-buffered  saline;  EGFP,  en¬ 
hanced  green  fluorescent  protein;  IMM,  inner  mitochondrial  mem¬ 
brane;  OMM,  outer  mitochondrial  membrane;  MAC,  mitochondria  ap¬ 
optosis-induced  channel;  NAC,  V-acetylcysteine. 
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quent  activation  of  “executioner”  caspases  such  as  caspase-3, 
-6,  or  -7  (26).  In  the  extrinsic  pathway,  engagement  of  the  cell 
surface  death  receptors  (e.g.  Fas,  TNFR1,  DR-3,  DR-4,  and 
DR-5)  results  in  the  activation  of  initiator  caspase-8  through 
adaptor  proteins  such  as  FADD  and  TRADD  (27),  which  then 
activates  downstream  executioner  caspases.  The  death  recep¬ 
tor  pathway  can  be  amplified  by  the  mitochondrial  pathway 
either  through  the  translocation  of  tBid,  a  caspase  8  cleavage 
product  of  Bid,  to  the  mitochondria,  which  induces  cytochrome 
c  release  (28, 29),  or  through  the  mitochondrial  release  of  Smac, 
which  neutralizes  the  inhibitory  effect  of  inhibitor  of  apoptosis 
proteins  on  caspases  (17,  18,  30). 

Apoptosis  induced  by  many  stimuli  seems  to  depend  on 
MRC.  For  example,  MRC  function  has  been  reported  to  be 
required  for  apoptosis  induced  by  TNF-a  (31-33),  lipoxygenase 
inhibitor  nordihydroguaiaretic  acid  (34),  butyrate,  and  some 
other  short  chain  fatty  acids  (35),  ceramide  (36),  hydroxamic 
acid  compound  BMD188  (37),  manganese  (38),  synthetic  reti¬ 
noid  CD437  (39),  02  deprivation  (40),  oxidants  such  as  tert- 
butylhydroperoxide  (41)  and  hydrogen  peroxide  (42),  and  Ca2+ 
overloading  (43).  Thus,  in  these  apoptotic  model  systems,  MRC- 
deficient  p°  cells  are  more  resistant  to  apoptosis,  and  MRC 
inhibitors  (such  as  rotenone  and  antimycin  A)  block  or  inhibit 
apoptosis.  Also  in  support  of  the  dependence  of  apoptosis  on 
MRC,  complex  I  deficiency  in  leukemia  cells  results  in  apopto¬ 
sis  resistance  (44).  Deficiency  in  complex  IV  in  colon  carcinoma 
cells  renders  them  resistant  to  apoptosis  induction  (35).  Simi¬ 
larly,  F0FrATPase  is  required  for  Bax-induced  apoptosis  (45). 

The  molecular  mechanisms  underlying  this  MRC-dependent 
apoptosis  remain  unclear.  Here  we  report  that  apoptosis  in¬ 
duced  by  BMD188,  a  chemical  that  causes  cell  death  in  an 
MRC-dependent  manner  (37),  involves  an  early  up-regulation 
of  MRC  proteins  (in  particular,  cytochrome  c)  prior  to  caspase 
activation  and  cell  death.  Importantly,  this  phenomenon  seems 
to  represent  a  general  early  apoptotic  response  as  it  is  also 
observed  in  multiple  cell  types  induced  to  die  by  a  variety  of 
stimuli. 

MATERIALS  AND  METHODS 
Cells  and  Reagents 

Human  osteosarcoma  cells  143B(TK")  (143B)  and  fibroblasts 
GM701.2-8C  (GM701)  and  their  respective  mtDNA-less,  respiration- 
deficient  p°  derivatives  143B206  and  GM701.2-8C  (2)  cells  (46)  were 
kindly  provided  by  Dr.  M.  King  (Thomas  Jefferson  University).  143B 
and  GM701  cells  were  cultured  in  Dulbecco’s  minimum  essential  me¬ 
dium  (Invitrogen)  supplemented  with  10%  heat-inactivated  fetal  bovine 
serum  (FBS)  and  antibiotics.  143B206  and  GM701.2-8C  (2)  cells  were 
cultured  in  Dulbecco’s  minimum  essential  medium  with  high  glucose 
supplemented  with  100  /xg/ml  pyruvate,  200  ng/ml  ethidium  bromide, 
50  jxg/ml  uridine,  10%  FBS,  and  antibiotics.  Human  prostate  cancer 
cells,  PC3  and  LNCaP,  and  breast  carcinoma  cells,  MDA-MB231,  were 
purchased  from  ATCC  (Manassas,  VA)  and  cultured  in  RPMI  1640 
supplemented  with  5  and  10%  FBS,  respectively.  The  p°  PC3  clone  6 
cells  (37)  were  cultured  as  for  143B206  cells. 

The  primary  antibodies  used  were  listed  in  Table  I.  Secondary  anti¬ 
bodies,  i.e.  goat,  donkey,  or  sheep  anti-mouse  or  rabbit  IgG  conjugated 
to  horseradish  peroxidase,  fluorescein  isothiocyanate,  or  rhodamine, 
together  with  ECL  (enhanced  chemiluminescence)  reagents  were  ac¬ 
quired  from  Amersham  Biosciences.  Fluorogenic  caspase  substrates 
DEVD-AFC  and  LEHD-AFC,  pan-caspase  inhibitor  z-VAD-fmk,  and 
caspase-3/6/7  inhibitor,  z-DEVD-fmk,  were  bought  from  Biomol  (Plym¬ 
outh  Meeting,  PA).  Ponasterone  and  Zeocin  were  purchased  from  In¬ 
vitrogen.  Annexin  V  conjugated  to  AlexaFluor  568  and  mitochondrial 
dyes  were  purchased  from  Molecular  Probes  (Eugene,  OR).  Liposome 
FuGENE  6  was  bought  from  Roche  Molecular  Biochemicals.  All  other 
chemicals  were  purchased  from  Sigma  unless  specified  otherwise. 

Subcellular  Fractionation  and  Western  Blotting 

Mitochondria  were  prepared  using  differential  centrifugation  (37, 47, 
48)  with  slight  modifications.  Briefly,  cells  were  treated  with  various 
chemicals  or  vehicle  (ethanol  or  Me2S0)  control.  In  some  experiments, 


cells  were  pretreated  with  protein  synthesis  inhibitor  cycloheximide 
(CHX),  RNA  synthesis  inhibitor  actinomycin  D  (A/D),  or  mitochondrial 
protein  synthesis  inhibitor  tetracycline  before  apoptosis  induction.  At 
the  end  of  the  treatment,  cells  were  harvested  by  scraping,  washed 
twice  in  ice-cold  PBS,  and  resuspended  in  600  p 1  of  homogenizing  buffer 
(20  mM  HEPES-KOH,  pH  7.5, 10  mM  KC1, 1.5  mM  MgCIa,  1  mM  sodium 
EDTA,  1  mM  sodium  EGTA,  and  1  mM  dithiothreitol)  containing  250  mM 
sucrose  and  a  mixture  of  protease  inhibitors  (1  mM  phenylmethylsulfo- 
nyl  fluoride,  1%  aprotinin,  1  mM  leupeptin,  1  /xg/ml  pepstatin  A,  and  1 
(xg/ml  chymostatin).  After  30  min  of  incubation  on  ice,  cells  were  ho¬ 
mogenized  in  the  same  buffer  using  a  glass  Pyrex  homogenizer  (type  A 
pestle,  140  strokes).  Unbroken  cells,  large  plasma  membrane  pieces, 
and  nuclei  were  removed  by  centrifuging  the  homogenates  at  500  X  g 
for  5  min  at  4  °C.  The  resulting  supernatant  was  centrifuged  at 
10,000  X  g  for  20  min  to  obtain  mitochondria.  The  remaining  superna¬ 
tant  was  again  subjected  to  centrifugation  at  100,000  X  g  for  1  h  to 
obtain  the  cytosolic  fraction  (Le.  S100  fraction).  The  mitochondrial 
pellet  was  washed  three  times  in  homogenizing  buffer,  and  then  solu¬ 
bilized  in  TNC  buffer  (10  mM  Tris  acetate,  pH  8.0,  0.5%  Nonidet  P-40, 
5  mM  CaCl2)  containing  protease  inhibitors.  Protein  concentration  was 
determined  by  Micro-BCA  kit  (Pierce). 

For  Western  blotting,  25  pg  of  proteins  (mitochondrial  or  cytosolic 
fractions)  was  loaded  in  each  lane  of  a  15%  SDS-polyacrylamide  gel. 
After  gel  electrophoresis  and  protein  transfer,  the  membrane  was 
probed  or  reprobed,  after  stripping,  with  various  primary  and  corre¬ 
sponding  secondary  antibodies  (37,  47).  Western  blotting  was  per¬ 
formed  using  ECL  as  described  previously  (37,  47). 

Measurement  of  Apoptosis 

Apoptosis  was  measured  using  several  biochemical  and  biological 
approaches. 

PARP  Cleavage — PARP  cleavage  assays  were  performed  as  described 
previously  (37,  47). 

Caspase-3  Activation — Caspase-3  cleavage  (activation)  was  analyzed 
by  Western  blotting.  Cells  were  lysed  in  TNC  lysis  buffer,  and  100  pg  of 
whole  cell  lysates  was  separated  on  15%  SDS-PAGE.  After  protein 
transfer,  the  blot  was  probed  with  a  monoclonal  antibody  for  caspase-3. 
The  activation  of  caspase-3  was  monitored  by  a  decrease  or  disappear¬ 
ance  of  the  ~32-kDa  procaspase-3  (37). 

DEVDase  and  LEHDase  Activity — Cells  were  washed  twice  in  PBS, 
and  the  whole  cell  lysates  were  made  in  the  lysis  buffer  (50  mM  HEPES, 
1%  Triton  X-100,  0.1%  CHAPS,  1  mM  dithiothreitol,  and  0.1  mM  EDTA). 
Forty  pg  of  protein  was  added  to  a  reaction  mixture  containing  30  pu 
fluorogenic  peptide  substrates,  DEVD-AFC  or  LEHD-AFC,  50  mM  of 
HEPES,  pH  7.4, 10%  glycerol,  0.1%  CHAPS,  100  mM  NaCl,  1  mM  EDTA, 
and  10  mM  dithiothreitol,  in  a  total  volume  of  1  ml  and  incubated  at 
37  °C  for  1  h.  Production  of  7-amino-4-trifluoromethylcoumarin  (AFC) 
was  monitored  in  a  spectrofluorimeter  (Hitachi  F-2000  fluorescence 
spectrophotometer)  using  excitation  wavelength  400  nm  and  emission 
wavelength  505  nm.  The  fluorescent  units  were  converted  into  nano¬ 
moles  of  AFC  released  per  h  per  mg  of  protein  using  a  standard  curve. 
The  results  were  generally  presented  as  fold  activation  over  the  control. 

DNA  Fragmentation — Fragmented  DNA  was  extracted  using  SDS/ 
RNase/proteinase  K  methods  (37,  47),  and  20  pg  of  DNA  was  run  on 
1.2%  agarose  gel. 

Quantification  of  Apoptotic  Nuclei  Using  DAPI  Staining — Cells  were 
plated  on  glass  coverslips  (4  X  104  cells/18-mm2  coverslip)  and  the  next 
day  treated  with  vehicle  control  ( i.e .  ethanol  or  Me2SO)  or  various 
inducers.  Thereafter,  cells  were  incubated  live  with  DAPI  (0.5  pg/ ml) 
for  10  min  at  37  °C  followed  by  washing.  The  percentage  of  cells  exhib¬ 
iting  apoptotic  nuclei,  as  judged  by  chromatin  condensation  or  nuclear 
fragmentation,  was  assessed  by  fluorescence  microscopy  (49).  An  aver¬ 
age  of  600-700  cells  was  counted  for  each  condition. 

Immunofluorescence  Analysis  of  Cytochrome  c  Distribution, 
Mitochondrial  Membrane  Potential,  and  Apoptosis 

Cells  grown  on  glass  coverslips  were  treated  for  various  time  inter¬ 
vals.  Fifteen  min  prior  to  the  end  of  the  treatment,  cells  were  incubated 
live  with  MitoTracker  Orange  CMTMRos  to  label  mitochondria  (37). 
Then  cells  were  fixed  in  4%  paraformaldehyde  for  10  min  followed  by 
permeabilization  in  1%  Triton  X-100  for  10  min.  After  washing  in  PBS, 
cells  were  first  blocked  in  20%  goat  whole  serum  for  30  min  at  37  °C  and 
then  incubated  with  monoclonal  anti-cytochrome  c  antibody  (clone 
6H2.B4,  1:500)  for  1  h  at  37  °C.  Finally,  cells  were  incubated  with 
fluorescein  isothiocyanate-conjugated  goat  anti-mouse  IgG  (1:1000)  for 
1  h  at  37  °C.  After  thorough  washing,  coverslips  were  mounted  on  slides 
using  Vectashield  mounting  medium  (Vector  Laboratories,  Inc., 
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Burlingame,  CA)  and  observed  under  an  Olympus  BX40  epifluorescence 
microscope.  Images  were  captured  with  MagnaFire  software  and  pro¬ 
cessed  in  Adobe  Photoshop.  In  a  separate  set  of  samples,  following 
apoptotic  treatments,  cells  were  washed  once  with  lx  PBS  and  then 
incubated  in  the  Annexin-Binding  Buffer  containing  annexin  V-Alexa- 
Fluor  conjugates  for  30  min  followed  by  washing.  Images  were  captured 
on  an  Olympus  1X50  inverted  fluorescence  microscope. 

RT-PCR  Analysis  of  Cytochrome  c  and  COX  II  mRNA  Expression 

Total  RNA  was  isolated  using  Tri-Reagent  (Invitrogen).  RT  was 
performed  using  2  /xg  of  total  RNA  (at  42  °C  for  2  h)  in  a  total  20-/xl 
reaction  volume  containing  random  hexamers  and  Superscript  II  re¬ 
verse  transcriptase  (Invitrogen).  PCR  primers,  designed  based  on  the 
published  cytochrome  c  and  COX  II  cDNA  sequences,  are  5'-TTTGGA- 
TCGAATGGGTGATGTTGAG-3 '  (cytochrome  c,  sense),  5'-TTTGAATT- 
CCTC ATTAGTAGCTTTTTTGAG-3 '  (cytochrome  c,  antisense),  5'-CC- 
ATCCCTACGCATCCTTTAC-3 (COX  II,  sense),  and  S'-GTTTGCTCC- 
ACAGATTTCAGAG-3 '  (COX  II,  antisense).  For  PCR,  1  /xl  of  cDNA  was 
used  in  a  25-pl  reaction  containing  0.5  pM  primers,  dNTPs  and  Tag, 
using  the  cycling  profile  94  °C  X  45  s,  56  °C  X  1  min,  and  72  °C  X  1  min 
for  14  cycles  for  COX  II  and  23  cycles  for  cytochrome  c  with  a  final 
extension  at  72  °C  for  10  min.  PCR  products  were  analyzed  on  1% 
agarose  gel.  RT-PCR  of  glyceraldehyde  3-phosphate  dehydrogenase  (50) 
was  used  as  a  control. 

Transient  Transfection  with  pEGFP -Cytochrome  c 

The  pEGFP-cytochrome  c  expression  plasmid,  in  which  the  full- 
length  rat  cytochrome  c  cDNA  was  cloned  into  the  Nhel  and  Xhol  sites 
of  the  pEGFP-Nl  (Clontech),  was  kindly  provided  by  Dr.  A.-L.  Niemi- 
nen  (Case  Western  Reserve  University;  see  Ref.  51).  GM701  cells, 
plated  1  day  earlier  on  10-cm  culture  dishes  to  achieve  50-60%  conflu¬ 
ence,  were  transfected,  using  FuGENE  6,  with  15  pg  of  either  empty 
vector  alone  or  pEGFP-cytochrome  c.  Twenty  four  h  after  transfection, 
cells  were  treated  with  BMD188  for  various  times  and  then  harvested 
and  used  for  subcellular  fractionations  as  described  above.  To  assess 
apoptosis,  GM701  cells  grown  on  coverslips  were  transfected  with  1  pg 
of  plasmids.  Twenty  four  h  later,  cells  were  treated  with  BMD188 
followed  by  DAPI  staining  as  described  above.  The  percentage  of  GFP- 
positive  and  -negative  cells  with  apoptotic  nuclear  morphology  was 
determined  by  fluorescence  microscopy  (49).  At  least  600-700  cells  were 
counted  for  each  condition. 

Up-regulation  of  Cytochrome  c  Using  the 
Ecdysone-inducible  System 

Plasmids  pVgRXR  and  pIND  were  obtained  from  Invitrogen.  pIND/ 
cyt-c-GFP  was  prepared  by  cloning  the  NheVNotl  fragment  of  the  rat 
cytochrome  c-GFP  fusion  cDNA  from  pEGFP-cytochrome  c  (51)  into 
pIND/V5-His-B,  whereas  pIND-GFP  was  prepared  by  cloning  the  EGFP 
fragment  (from  pEGFP-Nl)  between  the  HmdIII  and  Notl  sites  of 
pIND/Hygro  (courtesy  of  Dr.  T.-J.  Liu,  MD  Anderson  Cancer  Center, 
Houston,  TX).  Ecdysone-inducible  cell  lines  were  generated  in  two 
steps.  First,  GM701  cells  were  transfected  with  pVgRXR  by  electropo¬ 
ration  (1025  microfarads,  260  V  in  a  Bio-Rad  apparatus).  Stable  trans- 
fectants  were  selected  with  Zeocin  (500  /xg/ml)  for  3-4  weeks  and  stable 
clones  isolated  using  a  cloning  ring.  The  stable  clones,  named  EcR- 
GM701,  were  characterized  by  GFP  expression  in  response  to  ponas- 
terone  (2  pM)  after  transient  transfection  with  pIND-GFP.  EcR-293 
cells  were  kindly  provided  by  Dr.  M.  Bedford.  In  the  second  step, 
EcR-GM701  and  EcR-293  cells  were  electroporated  with  pIND/cyt-c- 
GFP  or  pIND/GFP  followed  by  G418  (1  mg/ml)  selection.  Stable  clones 
were  picked  by  ring  cloning  and  screened  by  immunoblotting  using 
antibody  against  GFP  upon  ponasterone  (2  /xm)  induction.  GM701- 
pIND/cyt-c-GFP,  GM701-pIND/GFP,  293-pIND/cyt-c-GFP,  and  293- 
pIND/GFP  cells  were  maintained  in  Zeocin  (500  jxg/ml)  and  G418  (1 
mg/ml) -containing  medium.  These  cells  were  used  in  subcellular  frac¬ 
tionation  and  apoptosis  studies  upon  treatment  with  ponasterone  for 
various  times. 

Up-regulation  of  Cytochrome  c  Using  the  pCMS-EGFP 
Expression  System 

Full-length  cDNA  sequence  of  human  cytochrome  c  was  synthesized 
by  PCR  amplification  using  Taq  polymerase  (Eppendorf,  Germany)  and 
cloned  between  the  EcoRI  and  Xbal  sites  of  pCMS-EGFP  vector  (Clon¬ 
tech).  The  Kozak  sequence  was  introduced  in  sense  primer.  The  result¬ 
ant  plasmid  was  sequenced  and  designated  as  pCMS-EGFP/cyt-c,  in 
which  cytochrome  c  and  EGFP  are  synthesized  from  two  separate 


promoters.  GM701  fibroblasts  were  either  untransfected  or  transfected 
with  the  empty  vector  (pCMS-EGFP)  or  pCMS-EGFP/cyt-c.  Twenty- 
four  h  after  transfection,  cells  were  harvested,  and  mitochondrial  and 
cytosolic  fractions  were  prepared,  and  25  pg/lane  of  protein  from  each 
sample  was  separated  by  15%  SDS-PAGE.  Following  protein  transfer, 
the  membranes  were  probed  and  reprobed  with  antibodies  against 
cytochrome  c,  GFP,  actin,  or  HSP60,  as  indicated  under  “Results.” 
Apoptosis  was  quantified  using  the  DAPI  staining  24  h  after 
transfection. 

Statistical  Analysis 

The  statistical  significance  between  experimental  groups  was  deter¬ 
mined  by  Student’s  t  test  using  the  SPSS- 10  software.  Differences  at 
p  <  0.05  were  considered  statistically  significant. 

RESULTS 

Multiple  Apoptotic  Stimuli  Induce  an  Increase  of  MRC  Pro¬ 
teins  Such  as  COX  II  and  Cytochrome  c  Early  during  Apoptosis 
Induction — We  demonstrated  previously  (37)  that  apoptosis  of 
epithelial  cancer  cells  induced  by  chemical  BMD188  requires 
the  MRC  function.  Thus,  p°  PC3  (prostate  cancer)  cells  or  PC3 
cells  whose  MRC  had  been  blocked  by  various  respiration  com¬ 
plex-specific  inhibitors  were  more  resistant  to  BMD188-in- 
duced  apoptosis  (37).  Further  experiments  demonstrate  that 
BMD188  induces  apoptosis  in  many  other  cell  types,  e.g.  143B 
osteosarcoma  cells  (Supplemental  Material  Fig.  IS)  and 
GM701  fibroblasts  (not  shown)  also  in  an  MRC-dependent 
manner.  To  explore  the  molecular  mechanisms  of  this  MRC- 
dependent  apoptotic  pathway,  we  purified  mitochondrial  and 
S100  cytosolic  fractions  and  used  them  in  quantitative  Western 
blotting  to  examine  the  protein  levels  of  two  essential  MRC 
components,  cytochrome  c,  which  is  encoded  by  the  nuclear 
gene,  and  COX  II,  which  is  encoded  by  the  mitochondrial  ge¬ 
nome.  The  protein  levels  were  then  correlated  with  caspase 
activation,  which  is  measured  by  DEVDase  activity,  caspase-3 
activation,  or  PARP  cleavage,  and  with  apoptosis,  which  is 
quantitated  by  counting  apoptotic  nuclei  (see  details  under 
“Materials  and  Methods”). 

By  using  the  above  approach,  we  found  that  treatment  of 
143B  cells  with  BMD188  induced  a  rapid  (within  5  min)  in¬ 
crease  in  the  protein  level  of  COX  II  (Fig.  1A).  COX  II  protein 
was  never  detected  in  the  cytosolic  fractions  in  all  of  our  ex¬ 
periments  (Fig.  1A  and  not  shown),  suggesting  that  there  was 
no  substantial  mitochondrial  damage  during  subcellular  frac¬ 
tionations  and  that  the  cytosolic  fractions  were  not  contami¬ 
nated  with  the  mitochondrial  proteins.  The  reciprocal  experi¬ 
ments  measuring  the  lactate  dehydrogenase  (a  cytosolic 
protein)  activity  also  indicated  that  there  was  minimal  contam¬ 
ination  of  the  mitochondrial  fractions  with  the  cytosolic  pro¬ 
teins  (not  shown).  The  COX  II  protein  level  plateaued  at  30  min 
to  1  h  after  BMD188  treatment  and  slightly  declined  thereafter 
(Fig.  1A).  Interestingly,  15  min  post-BMD188  treatment,  the 
total  cytochrome  c  protein  level  also  increased,  in  both  cytosol 
and  mitochondria  (Fig.  1A),  as  revealed  by  monoclonal  anti¬ 
body  against  cytochrome  c  clone  7H8.2C12,  which  recognizes 
both  apocytochrome  c  (i.e.  cytochrome  c  in  the  cytosol  without 
heme  attached)  and  holocytochrome  c  (i.e.  cytochrome  c  in  the 
mitochondria  with  heme  attached).  (Note  that,  depending  on 
the  respiration  status,  a  small  amount  of  cytochrome  c  is  often 
detected  in  the  cytosol  of  untreated  cells.)  The  cytochrome  c 
levels  continued  to  increase  until  ~1  h  when  an  ~  4-fold  in¬ 
crease  of  cytochrome  c  was  detected  in  both  cytosol  and  mito¬ 
chondria,  and  22%  of  the  cells  were  apoptotic  (Fig.  1A).  When 
-50%  143B  cells  were  apoptotic  and  prominent  PARP  cleavage 
(an  indication  of  caspase  activation)  was  observed  at  2  h,  cyto¬ 
chrome  c  levels  in  both  compartments  slightly  decreased  (Fig. 
1A).  Note  that  PARP  cleavage  becomes  detectable  only  after 
sufficient  numbers  of  cells  have  undergone  apoptosis  {e.g.  see 
Fig.  1,  A-E).  By  4  h  when  most  PARP  was  cleaved  and  —90%  of 
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Fig.  1.  Up-regulation  of  MRC  proteins  early  during  apoptosis  induction.  Western  blot  analysis  of  cytosolic  and  mitochondrial  fractions 
from  143B  cells  treated  with  BMD188  (A),  GM701  cells  treated  with  BMD188  (B),  MDA-MB-231  cells  treated  with  VP16  (C),  PC3  cells  treated  with 
sodium  butyrate  CD),  and  LNCaP  cells  treated  with  serum  starvation  (E).  Mitochondrial  and  cytosolic  fractions  were  prepared,  and  25  pg  of 
proteins  (cytosolic  or  mitochondrial  fractions)  from  each  sample  was  used  in  Western  blotting  for  cytochrome  c,  COX  II,  and  actin.  Several  different 
biochemical  (PARP  cleavage,  caspase-3  activation,  and  DEVDase  activity)  and  biological  (i.e.  apoptotic  nuclear  morphology  upon  DAPI  labeling  of 
live  cells)  methods  were  used,  in  different  combinations,  to  assess  apoptosis  (see  “Materials  and  Methods”).  In  some  samples  (e.g.  A,  B>  and  D),  the 
cytosol  blots  were  incubated  with  a  mixture  of  antibodies  to  both  cytochrome  c  and  actin.  Data  shown  are  representative  of  3-5  independent 
experiments. 


the  cells  were  apoptotic,  significant  amounts  of  mitochondrial 
cytochrome  c  similar  to  the  basal  level  and  of  cytosolic  cyto¬ 
chrome  c  higher  than  the  basal  level  were  still  observed  (Fig. 

IA) .  Note  that  7H8.2C12  also  detected  an  —  50-kDa  protein 
labeled  as  X-protein,  whose  identity  remains  unclear  (37,  47, 
52). 

Similarly,  treatment  of  GM701  fibroblasts  with  BMD188 
rapidly  up-regulated  COX  II  as  well  as  cytochrome  c  (Fig.  IB). 
Increased  COX  II  was  detected  at  10  min  and  plateaued  by  1  h 
after  drug  treatment  (Fig.  IB).  Increased  cytochrome  c  was 
observed  in  both  cytosol  (~  3-fold)  and  mitochondria  (~  1.5-fold) 
in  the  first  10-20  min,  and  by  30  min  the  increase  became  more 
obvious  (5-fold  in  cytosol  and  2.5-fold  in  mitochondria)  (Fig. 

IB) .  By  1  h,  when  ~12%  cells  were  apoptotic,  peak  levels  of 
cytochrome  c  in  both  cytosol  (10-fold  increase)  and  mitochon¬ 
dria  (4-fold  increase)  were  observed  (Fig.  IB).  By  2  h  when 
—60%  of  the  cells  was  apoptotic  and  PARP  was  cleaved,  mito¬ 


chondrial  cytochrome  c  began  to  decrease,  whereas  the  cytoso¬ 
lic  cytochrome  c  level  remained  about  the  same  (Fig.  IB).  By  4  h 
when  —90%  of  cells  were  apoptotic  and  PARP  was  nearly 
completely  cleaved,  cytochrome  c  levels  in  both  cytosol  and 
mitochondria  decreased  (Fig.  IB).  As  observed  previously  (37) 
in  PC3  cells,  in  both  143B  and  GM701  cells  treated  with 
BMD188,  apoptosis  could  be  dose-dependently  inhibited  by 
z-VAD-fmk,  a  pan-caspase  inhibitor,  as  well  as  by  z-DEVD- 
fmk,  a  caspase-3/6/7  inhibitor  (not  shown),  suggesting  that  the 
cell  death  is  caspase-dependent.  Collectively,  data  presented  in 
Fig.  1,  A  and  B,  together  with  our  previous  observations  show¬ 
ing  early  induction  of  COX  I  (encoded  by  mitochondrial  ge¬ 
nome)  and  COX  IV  (encoded  by  the  nuclear  genome)  (37), 
suggest  that  there  is  an  early  induction  of  MRC  proteins  during 
apoptosis  induced  by  BMD188,  an  agent  whose  pro-apoptotic 
effect  depends  on  MRC  (37). 

To  determine  whether  this  early  induction  of  MRC  proteins 
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Fig.  2.  Transcriptional  activation  ^ 

of  cytochrome  c  and  COX  II  genes 
and  inhibition  of  apoptosis  by  tran¬ 
scription  and  translation  inhibitors. 

A  and  B,  transcriptional  up-regulation  of 
cytochrome  c  (Cyt-c)  and  COX  II.  A, 

GM701  fibroblast  cells  were  treated  with 
BMD188  (40  pM);  or  B,  MDA-MB-231 
cells  were  treated  with  VP16  (10  fxM)  for 
the  time  intervals  indicated.  Some  sam¬ 
ples  were  pretreated  with  cycloheximide 
(CHX,  1  p-M),  actinomycin  D  (A/D,  1  nM), 
or  both  for  1  h  before  apoptotic  stimula¬ 
tion.  RT-PCR  was  performed  as  detailed 
under  “Materials  and  Methods.”  Data  are 
representative  of  at  least  five  separate 
experiments.  C  and  D,  inhibition  of  apo¬ 
ptosis  by  protein  and  RNA  synthesis  in¬ 
hibitors.  GM701  (C)  or  MDA-MB-231  (D) 
cells  grown  on  glass  coverslips  were 
treated  with  BMD188  (40  fx M,  2  h)  or 
VP16  (10  p-M,  48  h),  respectively,  either 
alone  or  in  the  presence  of  CHX,  A/D,  or 
both  as  indicated.  The  percentages  of  apo¬ 
ptotic  cells  upon  DAPI  staining  were  enu¬ 
merated  under  a  fluorescent  microscope. 

Values  represent  the  mean  ±  S.D.  from 
five  separate  experiments.  *,p  <  0.05;  **, 
p  <  0.01  (Student  t  test)  compared  with 
cells  treated  BMD188  (C)  or  VP16  (D) 
alone. 

is  restricted  only  to  MRC-dependent  apoptotic  stimuli,  we  car¬ 
ried  out  similar  experiments  in  multiple  cell  types  with  a 
variety  of  apoptotic  inducers  of  different  mechanisms  of  action. 
First,  we  treated  MDA-MB231  breast  cancer  cells  with  VP16 
(etoposide),  a  commonly  used  chemotherapeutic  drug  that  in¬ 
hibits  DNA  topoisomerase  II.  As  shown  in  Fig.  1C,  maximum 
up-regulations  of  COX  II  and  cytochrome  c  occurred  as  early  as 
12  h  after  drug  treatment.  Nearly  all  up-regulated  cytochrome 
c  was  present  in  the  mitochondria  in  MDA-MB231  cells  treated 
with  VP16  (Fig.  1C),  which  is  different  from  143B  or  GM701 
cells  treated  with  BMD188  (Fig.  1,  A  and  B ).  By  12  h  no  caspase 
activation  and  significant  death  were  detected  (Fig.  1C).  By 
24  h  caspases  ( i.e .  DEVDase)  were  activated  ~ 3 -fold,  and 
—30%  of  the  cells  were  apoptotic  (Fig.  1C).  By  48  h  after  the 
drug  treatment  when  obvious  caspase-3  cleavage  and  DEVD¬ 
ase  activity  were  detected,  PARP  was  cleaved,  and  60%  of  the 
cells  were  apoptotic,  maximum  levels  of  cytochrome  c  and  COX 
II  were  still  observed  in  the  mitochondria  (Fig.  1C).  By  72  h 
when  nearly  80%  of  the  cells  were  apoptotic  and  prominent 
caspase-3  cleavage  occurred,  cytochrome  c  in  the  mitochondria 
decreased  but  the  COX  II  protein  level  remained  about  the 
same  (Fig.  1C).  There  was  a  slight  increase  of  cytochrome  c  in 
the  cytosol  24-72  h  after  VP16  treatment  (Fig.  1C).  Apoptosis 
in  MDA-MB-231  cells  was  dose-dependently  inhibited  by 
z-VAD-fmk  or  z-DEVD-fmk  (not  shown),  suggesting  that  the 
VP16-induced  cell  death  is  also  caspas e-dependent. 

Likewise,  treatment  of  PC3  cells  with  butyrate,  a  short  chain 
fatty  acid  inhibitor  of  histone  deacetylase  (35),  resulted  in  a 
time-dependent  up-regulation  of  COX  II  and  cytochrome  c  in 
both  cytosolic  and  mitochondrial  compartments  (Fig.  ID).  By 
24  h  post-treatment  when  caspase  activity  increased  by  13 -fold, 
PARP  was  cleaved,  and  —40%  of  the  cells  were  apoptotic,  the 
maximum  amount  of  cytochrome  c  accumulated  in  the  mito¬ 
chondria  (Fig.  ID).  Starting  from  48  h  on,  the  mitochondrial 
cytochrome  c  began  to  decrease  accompanied  by  an  increase  in 
the  cytosolic  cytochrome  c  (Fig.  ID).  Similarly,  in  LNCaP  cells 
subjected  to  serum  starvation,  maximum  induction  of  COX  II 
was  observed  by  day  2,  after  which  the  COX  II  protein  re¬ 
mained  at  a  similar  level  up  to  day  10  (Fig.  IE  and  data  not 
shown).  By  contrast,  a  time-dependent  up-regulation  of  cyto¬ 
chrome  c  in  the  mitochondria  was  observed  (Fig.  ID).  Two  days 


after  withdrawal  of  serum,  increased  cytochrome  c  in  the  mi¬ 
tochondria  and  maximum  level  of  cytochrome  c  in  the  cytosol 
were  observed  (Fig.  ID).  There  was  slightly  increased  pro- 
caspase-3  cleavage  and  cell  death  at  this  time  point  (Fig.  ID). 
By  4  days  when  further  increased  caspase-3  activation  and  cell 
death  were  observed,  the  mitochondrial  cytochrome  c  contin¬ 
ued  to  increase  while  the  cytosolic  cytochrome  c  slightly  de¬ 
creased.  By  6  days  when  obvious  caspase-3  activation,  PARP 
cleavage,  and  apoptosis  were  observed,  the  mitochondrial  cyto¬ 
chrome  c  reached  peak  level,  whereas  the  cytosolic  cytochrome 
c  level  remained  unchanged  (Fig.  ID).  By  8  days  when 
caspase-3  and  PARP  were  completely  cleaved  and  80%  of  the 
cells  apoptotic,  the  mitochondrial  cytochrome  c  was  almost 
completely  lost,  and  the  cytosolic  cytochrome  c  also  decreased 
(Fig.  ID). 

Similar  studies  in  PC3  cells  treated  with  camptothecin  and 
DLD-1  (colon  cancer)  cells  treated  with  herbimycin  also  re¬ 
vealed  rapid  up-regulations  of  cytochrome  c  and  COX  II  (not 
shown).  Altogether,  these  data  demonstrate  that  early  up-reg¬ 
ulation  of  MRC  proteins  such  as  COX  II  and  cytochrome  c 
represents  a  common  early  event  in  apoptosis  induced  by  di¬ 
verse  stimuli. 

Increased  Cytochrome  c  and  COX  II  Proteins  Result  from 
Transcriptional  Activation — Cytochrome  c  is  a  cytosolic  protein 
encoded  by  a  nuclear  gene.  Upon  synthesis,  depending  on  the 
metabolic  status  of  the  cells,  the  majority  or  a  fraction  of  the 
apocytochrome  c  rapidly  translocates  to  the  mitochondria  to 
participate  in  the  electron  transport  (1).  Within  mitochondria, 
apocytochrome  c  is  “anchored”  to  cytochrome  c  heme  lyase  and 
turns  into  holocytochrome  c  upon  heme  binding  (1,  53).  There¬ 
fore,  the  increased  cytochrome  c  protein  levels  in  both  cytosol 
and  mitochondria  (Fig.  1,  A-D)  suggest  an  increased  transcrip¬ 
tion  and/or  translation.  To  test  this  possibility,  we  used  semi- 
quantitative  RT-PCR  to  analyze  the  mRNA  levels  of  cyto¬ 
chrome  c  and  COX  II  during  the  early  phase  of  apoptosis 
induction  by  some  of  the  inducers  used  in  Fig.  1.  As  shown  in 
Fig.  2A,  treatment  of  GM701  cells  with  BMD188  resulted  in  a 
maximum  increase  in  cytochrome  c  mRNA  as  early  as  15  min, 
which  remained  elevated  at  similar  levels  until  2  h.  Similarly, 
maximum  induction  of  COX  II  mRNA  was  also  observed  at  15 
min  post-BMD188  treatment,  which  decreased  by  1  h  (Fig.  2A). 
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Table  I 

Primary  antibodies  used  in  this  study 


Ab“ 

Type 

Source  (catalog  no.) 

Remarks 

Actin 

Mouse  mAb 

ICN  (69100) 

Bad 

Mouse  mAb 

Santa  Cruz  Biotechnology  (sc-8044) 

Bak 

RbpAb 

Santa  Cruz  Biotechnology  (sc-832) 

Bak 

RbpAb 

Upstate  Biotechnology  (06-536) 

Recognizes  activated  Bak 

Bax 

Rb  pAb 

Santa  Cruz  Biotechnology  (554104) 

Bax 

RbpAb 

Upstate  Biotechnology  (06-499) 

Recognizes  activated  Bax 

Bcl-2 

Mouse  mAb 

Pharmingen  (14831A) 

Bcl-x 

Rb  pAb 

Pharmingen  (610211) 

Bid 

RbpAb 

Dr.  X  Wang 

Recognizes  both  t  Bid  and 

uncleaved  Bid 

Bim 

COX  I 

COX  II 

COX  IV 

Cyt-c 

RbpAb 

Mouse  mAb 

Mouse  mAb 

Mouse  mAb 

Mouse  mAb  (clone 

Calbiochem  (202000) 

Molecular  Probes  (A-6403) 

Molecular  Probes  (A-6404) 

Molecular  Probes  (A-6431) 

Pharmingen  (556432) 

Recognizes  holocytochrome  c 

6H2.B4) 

on  immunofluorescence 

Cyt-c 

Mouse  mAb  (clone 

Pharmingen  (65981 A) 

Recognizes  apo-  and  holo- 

7H8.2C12) 

cyt-c  on  Western  blot 

Cyt-c 

Mouse  mAb 

R  &  D  Systems  (6380-MC-100) 

Recognizes  holocytochrome  c 

only  on  Western  blot 

Caspase-3 

Mouse  mAb 

Transduction  Laboratories 

Recognizes  the  proform  only 

(C31720) 

Caspase-9 

Rb  pAb 

Chemicon  (AB 16970) 

GFP 

Mouse  mAb 

Clontech  (8362-1) 

PARP 

Rb  pAb 

Roche  Molecular  Biochemicals  (1 

835  238) 

Smac 

Rb  pAb 

Dr.  X.  Wang 

HSP60 

Mouse  mAb 

Chemicon  (mAb3514) 

a  The  abbreviations  used  are:  Ab,  antibodies;  COX  I/II/IV,  cytochrome  c  oxidase  subunit  I/II/IV;  cyt-c,  cytochrome  c;  GFP,  green  fluorescence 
protein;  PARP,  poly-(ADP-ribose);  polymerase;  mAb,  monoclonal  antibody;  pAb,  polyclonal  antibody;  Rb,  rabbit;  HSP60,  heat  shock  protein  60. 


The  induction  of  both  cytochrome  c  and  COX  II  mRNAs  was 
inhibited  by  A/D,  which  inhibits  RNA  transcription.  CHX,  a 
protein  synthesis  inhibitor,  did  not  significantly  affect  cyto¬ 
chrome  c  mRNA  level  but  significantly  inhibited  the  mRNA  of 
mitochondria-encoded  COX  II  (Fig.  2 A).  The  combination  of 
A/D  and  CHX  resulted  in  slightly  greater  inhibition  of  the 
cytochrome  c  and  COX  II  mRNAs  than  either  inhibitor  alone 
(Fig.  2A).  As  expected,  CHX  and  A/D,  either  individually  or  in 
combination,  inhibited  BMD188  up-regulated  COX  II  and  cy¬ 
tochrome  c  proteins  in  GM701  cells  (not  shown).  Similar  RT- 
PCR  analysis  was  carried  out  in  MDA-MB231  cells  treated 
with  VP16.  As  shown  in  Fig.  2 B,  the  cytochrome  c  mRNA  was 
maximally  induced  as  early  as  30  min  post-treatment,  which 
stayed  up-regulated  at  similar  levels  up  to  4  h,  the  longest  time 
interval  examined.  In  contrast,  COX  II  mRNA  was  up-regu¬ 
lated  in  a  time-dependent  manner,  and  the  peak-level  induc¬ 
tion  was  observed  at  4  h  (Fig.  2B).  CHX  significantly  inhibited 
both  cytochrome  c  and  COX  II  mRNA  expression,  and  A/D 
demonstrated  a  more  prominent  inhibitory  effect  (Fig.  2 B), 
which  is  different  from  BMD188-treated  GM701  cells.  The  com¬ 
bination  of  CHX  and  A/D  inhibited  their  mRNA  up-regulations 
more  significantly  than  either  treatment  alone  (Fig.  2 B).  To¬ 
gether,  these  results  suggest  that  the  up-regulated  COX  II  and 
cytochrome  c  proteins  early  during  apoptosis  induction  (Fig.  1, 
B  and  C)  resulted  from  an  increased  mRNA  transcription.  That 
CHX  also  inhibited  the  mRNA  expression  of  COX  II  and/or 
cytochrome  c  (Fig.  2,  A  and  B)  is  probably  due  to  inhibition  of 
the  transcriptional  machinery  by  CHX. 

To  assess  the  potential  importance  of  de  novo  RNA  and/or 
protein  synthesis  in  the  above  apoptotic  models,  GM701  (Fig. 
2C)  and  MDA-MB-231  (Fig.  2D)  cells  were  pretreated  with  A/D, 
CHX,  or  both  1  h  before  treating  with  BMD188  and  VP16, 
respectively.  The  results  indicate  that  pretreatment  of  cells 
with  these  inhibitors  significantly  inhibited  apoptosis,  and  the 
inhibition  was  more  pronounced  in  VP16-treated  MDA-MB231 
cells.  In  both  cases,  the  combination  of  A/D  and  CHX  resulted 
in  greater  inhibition  of  apoptosis  than  either  inhibitor  alone 
(Fig.  2,  C  and  D). 


Cytochrome  c  Up-regulation  in  Relation  to  Cytochrome  c  Re¬ 
lease  and  Caspase  Activation — The  preceding  experiments 
demonstrate  that  multiple  apoptotic  stimuli,  perhaps  through 
transcriptional  activation,  up-regulate  cytochrome  c,  leading  to 
increased  cytochrome  c  protein  levels  in  both  mitochondria  and 
cytosol.  In  the  intrinsic  apoptotic  pathway,  mitochondrial  ho- 
locytochrome  c  is  released  into  the  cytosol  to  trigger  caspase 
activation,  and  only  the  holo-  but  not  apocytochrome  c  has  the 
apoptogenic  effect  (14).  The  anti-cytochrome  c  antibody  (Le. 
7H8.2C12)  utilized  in  the  experiments  of  Fig.  1  recognizes  both 
apo-  and  holocytochrome  c  (Table  I).  Consequently,  we  could 
not  determine  whether  the  increased  cytochrome  c  in  the  cy¬ 
tosol  (Fig.  1,  A-E)  represents  the  newly  synthesized  apocyto¬ 
chrome  c,  mitochondrially  released  holocytochrome  c,  or  a  mix¬ 
ture  of  both.  R  &  D  Systems  has  recently  developed  an  antibody 
that  specifically  recognizes  holocytochrome  c  (Table  I).  We  thus 
took  advantage  of  this  antibody  and  utilized  BMD188  as  the 
primary  apoptotic  inducer  to  address  the  relationships  among 
cytochrome  c  up-regulation,  cytochrome  c  release,  and  caspase 
activation. 

In  untreated  GM701  cells  holocytochrome  c  existed  only  in 
the  mitochondria  (Fig.  3A).  Fifteen  min  post-BMD188  treat¬ 
ment,  slightly  increased  holocytochrome  c  was  observed  in  the 
mitochondria,  but  no  holocytochrome  c  could  be  detected  in  the 
cytosol  (not  shown).  By  30  min,  there  was  a  substantial  in¬ 
crease  in  the  mitochondrial  holocytochrome  c  accompanied  by  a 
small  amount  of  holocytochrome  c  release  into  the  cytosol.  By 
1  h,  the  mitochondrial  holocytochrome  c  level  remained  about 
the  same  as  at  30  min,  but  the  holocytochrome  c  level  in  the 
cytosol  dramatically  increased  (Fig.  3A).  By  2  h,  the  majority  of 
holocytochrome  c  was  released  from  the  mitochondria,  whereas 
the  holocytochrome  c  level  in  the  cytosol  remain  about  the  same 
as  at  1  h  (Fig.  3A).  By  4  h,  the  holocytochrome  c  in  both 
mitochondria  and  cytosol  could  hardly  be  detected.  These 
changes  in  holocytochrome  c  were  confirmed  by  fluorescence 
microscopy  (see  Fig.  4).  Combined  with  the  data  presented  in 
Fig.  IB  and  2A,  the  following  scenario  can  be  presented  to 
explain  the  cytochrome  c  movement.  Early  ( i.e .  within  10-15 
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Fig.  3.  Cytochrome  c  alterations  in 
relation  to  caspase  activation  (A-C), 
changes  in  Bcl-2  family  proteins  (D), 
and  release  of  mitochondrial  pro¬ 
teins  larger  than  cytochrome  c  ( E ).  A, 
GM701  cells  were  treated  with  BMD188, 
and  mitochondrial  ( Mito )  and  cytosolic 
fractions  were  prepared  as  described  un¬ 
der  “Materials  and  Methods.”  Forty  jug  of 
cytosolic  or  mitochondrial  proteins  from 
each  sample  was  used  in  Western  blotting 
for  holocytochrome  c  together  with  actin. 
B  and  C,  whole  cell  lysates  (40  fig)  were 
used  to  measure  LEHDase  activity  (B) 
and  DEVDase  activity  (C),  respectively.  D 
and  E,  the  same  blot  as  shown  in  A  was 
stripped  and  sequentially  reprobed  for 
various  Bcl-2  family  proteins  (D)  or  for 
Smac  and  HSP60  ( E ).  Note  that  essen¬ 
tially  identical  results  were  obtained  for 
Bak  and  Bax  when  using  antibodies  that 
recognize  the  conformationally  active  pro¬ 
teins  (Table  I;  data  not  shown).  Data 
shown  are  representative  of  3-5  inde¬ 
pendent  experiments. 
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min)  post-BMD188  treatment,  cytochrome  c  is  transcription¬ 
ally  up-regulated  resulting  in  increased  cytochrome  c  protein, 
part  of  which  is  transported  into  the  mitochondria  and  part  of 
which  is  retained  in  the  cytosol.  By  30  min,  continued  cyto¬ 
chrome  c  up-regulation  leads  to  further  increased  holocyto¬ 
chrome  c  enrichment  in  the  mitochondria  and,  at  the  same 
time,  a  low  level  of  mitochondrial  holocytochrome  c  begins  to  be 
released.  By  1  h,  the  total  cytochrome  c  level  (as  detected  by 
7H8.2C12)  reaches  a  maximum  in  the  mitochondria  (Fig.  IB), 
whereas  the  holocytochrome  c  level  in  the  mitochondria  re¬ 
mains  about  the  same  as  at  30  min  (Fig.  3A),  suggesting  that  at 
this  time  point  either  significant  cytochrome  c  release  is  taking 
place  or  mitochondria  are  no  longer  able  to  convert  apocyto- 
chrome  c  to  holocytochrome  c.  The  high  level  of  holocytochrome 
c  in  the  cytosol  at  1  h  (Fig.  3A)  supports  the  former  possibility. 
By  2  h,  7H8.2C12  still  detects  a  high  level  of  cytochrome  c  in 
the  mitochondria  (Fig.  IB),  but  the  mitochondrial  holocyto¬ 
chrome  c  is  nearly  completely  released  into  the  cytosol  (Fig.  3A; 
also  see  Fig.  47),  suggesting  that  mitochondria  can  no  longer 
convert  the  newly  synthesized  and  transported  apocytochrome 
c  to  holocytochrome  c  at  this  time  point.  By  4  h,  7H8.2C12  still 
detects  a  significant  amount  of  cytochrome  c  in  both  mitochon¬ 
dria  and  cytosol  (Fig.  IB),  but  the  holocytochrome  c  in  both 
compartments  is  barely  detectable  (Fig.  3A),  suggesting  that 
most  of  the  cytochrome  c  detected  by  7H8.2C12  at  this  time 
point  is  apocytochrome  c.  The  nearly  complete  disappearance  of 
holocytochrome  c  in  both  mitochondria  and  cytosol  probably 
results  from  either  its  preferential  release  outside  of  the  cells 
(54)  or  preferential  degradation. 

Next,  we  correlated  cytochrome  c  alterations  with  the  acti¬ 
vation  of  the  initiator  caspase,  caspase-9,  and  the  executioner 
caspase,  caspase-3.  As  shown  in  Fig.  3,  B  and  C,  caspase-9  ( Le . 
LEHDase  activity)  and  caspase-3  ( Le .  DEVDase  activity)  acti¬ 
vation  was  observed  at  1  h  and  reached  the  maximum  levels  by 


2  h.  In  all  apoptotic  systems  examined  (Fig.  1  and  data  not 
shown),  caspase  activation  (as  judged  by  procaspase  cleavage 
and/or  substrate  cleavage)  was  observed  concomitant  with  or 
downstream  of  cytochrome  c  release. 

Together,  these  results  (Fig.  1,  Fig.  2,  A  and  B,  and  Fig.  3, 
A-C)  suggest  early  cytochrome  c  up-regulation  and  transloca¬ 
tion  to  the  mitochondria  preceding  holocytochrome  c  release 
and  caspase  activation  in  BMD188-induced  apoptosis  of 
GM701  fibroblasts.  Similarly,  VP16-treated  MDA-MB231  cells 
showed  up-regulated  cytochrome  c  mRNA  as  early  as  30  min 
(Fig.  2B)  and  maximally  induced  cytochrome  c  protein,  most  of 
which  accumulated  in  the  mitochondria  by  12  h  (Fig.  1C). 
However,  cytochrome  c  release  from  the  mitochondria  (not 
shown),  caspase  activation,  and  cell  death  (Fig.  1C)  were  not 
observed  until  —24  h,  again  suggesting  early  cytochrome  c 
up-regulation  and  translocation  to  the  mitochondria  preceding 
cell  death.  Similar  sequence  of  alterations  was  also  observed  in 
serum-starved  LNCaP  cells.2 

Cytochrome  c  Release  Involves  Dynamic  Changes  in  Bcl-2 
Family  Proteins,  Loss  of  Ai//W  and  Opening  of  PTP — Next,  we 
carried  out  four  sets  of  experiments  in  BMD188-treated  GM701 
cells  to  investigate  the  potential  mechanisms  of  cytochrome  c 
release.  In  the  first,  we  examined  the  involvement  of  Bcl-2 
family  proteins  as  they  play  an  essential  role  in  regulating 
mitochondrial  integrity  and  cytochrome  c  release  (26,  55).  Spe¬ 
cifically,  we  examined  three  BH3-only  proteins  (Le.  Bim,  Bad, 
and  Bid),  two  multidomain  proapoptotic  proteins  (Le.  Bax  and 
Bak),  and  two  multidomain  anti-apoptotic  proteins  (Le.  Bcl-2 
and  Bcl-xL).  As  shown  in  Fig.  3D,  dynamic  changes  were  ob¬ 
served  with  these  proteins.  Bim,  detected  only  in  the  mitochon¬ 
dria,  was  up-regulated  (Fig.  3D),  resulting  from  transcriptional 


2  J.-W.  Liu,  D.  Chandra,  and  D.  G.  Tang,  manuscript  in  preparation. 
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Fig.  4.  Loss  of  A ij/m  precedes  cytochrome  c  release  during 
BMD188-induced  GM701  cell  apoptosis.  Shown  are  representative 
microphotographs  of  cytochrome  c  (A,  C,  B,  G ,  and  I)  and  MitoTracker 
labeling  of  mitochondria  (B,  D,  F,  H,  and  J)  in  GM701  cells  treated  with 
BMD188  (40  fxu)  for  0  (A  and  B),  15  (C  and  D),  and  30  min  (D  and  E), 
and  1  (G  and  ffl,  and  2  h  (I  and  J).  Another  set  of  experiments  with 
identical  time  points  was  performed  to  identify  apoptotic  cells  using 
annexin  V  (see  Supplemental  Material  Fig.  2S).  See  text  for  detailed 
discussions.  Consistent  with  the  Western  blotting  data  and  our  previ¬ 
ous  observations  (37),  increased  cytochrome  c  labeling  was  observed 
between  15  min  and  1  h  under  the  microscope,  which  was  not  well 
reproduced  on  micrographs.  Original  magnifications.  X200. 


activation  (not  shown).  Bad,  detected  mainly  in  the  cytosol, 
showed  a  time-dependent  translocation  to  the  mitochondria 
until  2  h,  when  the  mitochondria-associated  Bad  could  hardly 
be  detected.  By  4  h,  the  mitochondria-associated  Bad  was  un¬ 
detectable,  and  the  cytosolic  Bad  was  mostly  gone  (Fig.  3D).  Bid 
cleavage  and  activation,  evidenced  by  the  appearance  of  tBid  in 
the  mitochondria,  was  observed  at  2  h  and  completed  at  4  h 
(Fig.  3D),  suggesting  that  this  is  a  relatively  late  event,  con¬ 
sistent  with  caspase-8  cleavage  and  activation  starting  from 
2  h  (not  shown).  Bax,  detected  equally  in  cytosol  and  mitochon¬ 
dria,  showed  somewhat  complex  alterations.  Between  30  min 
and  2  h,  Bax  in  both  compartments  was  decreased.  By  4  h, 
however,  the  cytosolic  Bax  was  significantly  decreased  with  a 
concomitant  increase  in  the  mitochondria  (Fig.  3D).  Bak,  de¬ 
tected  only  in  the  mitochondria,  on  the  other  hand,  showed  a 
time-dependent  increase  that  plateaued  at  1  h  (Fig.  3D).  Inter¬ 
estingly,  antibodies  recognizing  conformationally  active  Bax 
and  Bak  (Table  I)  revealed  essentially  identical  changes  in  the 
two  proteins  (not  shown).  Bcl-2  and  Bcl-xL  showed  very  similar 
changes;  both  proteins  showed  a  time-dependent  increase  ex¬ 
clusively  in  the  mitochondria  (Fig.  3D).  The  early  increase  in 


the  mitochondrial  Bcl-xL  may  also  involve  its  translocation 
from  the  cytosol  as  a  decreased  cytosolic  Bcl-xL  protein  level 
was  observed  at  30  min  post-treatment  (Fig.  3D).  These  data 
suggest  that  dynamic  changes  in  the  Bcl-2  family  proteins  may 
be  involved  in  cytochrome  c  release  in  BMD188-induced 
GM701  cell  death. 

In  the  second  set  of  experiments,  we  examined  the  release  of 
two  other  mitochondrial  proteins  that  are  significantly  larger 
than  cytochrome  c:  Smac,  an  ~25-kDa  intermembrane  protein 
(17,  18),  and  HSP60,  a  60-kDa  heat-shock  protein  localized  in 
the  matrix  (56).  As  shown  in  Fig.  3D,  Smac  release,  similar  to 
holocytochrome  c  release  (Fig.  3A),  was  observed  30  min  after 
BMD188  treatment  and  plateaued  by  2  h.  Also  similar  to  cyto¬ 
chrome  c,  the  mitochondrial  Smac  protein  level  demonstrated  a 
steady  increase  (Fig.  3D),  suggesting  an  up-regulated  tran¬ 
scription  and/or  translation.  Interestingly,  significant  amounts 
of  Smac  still  existed  at  2  and  4  h  when  the  majority  of  holocy¬ 
tochrome  c  had  been  released  into  the  cytosol  (compare  Fig.  3, 
D  and  A),  perhaps  reflecting  continuously  up-regulated  Smac 
synthesis  just  as  significant  amounts  of  cytochrome  c  in  the 
mitochondria  detected  by  7H8.2C12  at  these  time  points  (see 
Fig.  IB).  In  contrast  to  holocytochrome  c  and  Smac,  HSP60  was 
maximally  released  as  early  as  30  min,  and  its  levels  in  the 
mitochondria  and  cytosol  remained  relatively  constant  after  30 
min  until  4  h  (Fig.  3D).  Together,  these  data  suggest  that 
proteins  significantly  bigger  than  cytochrome  c  are  also  re¬ 
leased  during  BMD188-induced  apoptosis  of  GM701  cells. 

In  the  third  set  of  experiments,  we  used  immunofluorescence 
microscopy  and  6H2.B4,  an  antibody  that  recognizes  only  ho¬ 
locytochrome  c  in  immunostaining  (Table  I),  to  examine  the 
relationship  between  Ai jfm  and  mitochondrial  cytochrome  c  re¬ 
lease.  As  shown  in  Fig.  4A,  holocytochrome  c  in  untreated 
GM701  fibroblasts  was  distributed  in  the  mitochondria,  which 
colocalized  with  MitoTracker  labeling  (Fig.  4B).  No  significant 
changes  were  observed  in  the  staining  patterns  of  cytochrome  c 
and  mitochondria  by  15  min  (Fig.  4,  C  and  D).  By  30  min,  most 
cytochrome  c  was  clearly  localized  in  the  mitochondria  (Fig. 
4D),  consistent  with  only  very  low  levels  of  holocytochrome  c 
release  detected  on  Western  blotting  (see  Fig.  3A).  However, 
most  mitochondria  had  lost  the  A  if/m  as  indicated  by  the  loss  of 
MitoTracker  labeling  (Fig.  4 D).  Interestingly,  nuclei  were  la¬ 
beled  by  the  MitoTracker  dye  starting  from  30  min  (compare 
Fig.  3D  with  B  and  D).  Labeling  with  AlexaFluor-annexin  V 
revealed  similar  degrees  of  low  basal  level  apoptosis  before  and 
at  30  min  (see  Supplemental  Material  Fig.  2S,  A-F).  Consistent 
with  Western  blotting  data  (Fig.  3A),  cytochrome  c  release 
became  prominent  by  1  h  (Fig.  4G),  when  all  mitochondria  had 
lost  the  Ai lfm  (Fig.  4 H).  Meanwhile,  apoptosis  significantly  in¬ 
creased  (Supplemental  Material  Fig.  2S,  G-H).  By  2  h,  cyto¬ 
chrome  c  was  completely  released  from  mitochondria  (Fig.  4/), 
fully  consistent  with  the  Western  blotting  data  (Fig.  3A).  Mi¬ 
toTracker  labeling  was  barely  detectable  (Fig.  4J),  and  apo¬ 
ptosis  became  widespread  (Supplemental  Material  Fig.  2S,  I 
and  J).  By  4  h  neither  cytochrome  c  nor  MitoTracker  labeling 
could  be  seen  (not  shown).  These  fluorescence  microscopy  re¬ 
sults  provide  direct  confirmation  of  the  Western  blotting  data 
and  also  indicate  that  loss  of  Ai/fm  precedes  holocytochrome  c 
release  from  mitochondria.  Similar  changes  in  Aif/m  and  holo¬ 
cytochrome  c  release  were  also  observed  in  MDA-MB-231  cells 
treated  with  VP16  (not  shown). 

Loss  of  Ai//m  may  result  from  opening  of  PTP,  which  in  turn 
may  be  involved  in  cytochrome  c  release  (10-12).  To  test  this 
possibility,  in  the  final  set  of  experiments,  we  pretreated 
GM701  cells  with  cyclosporin  A  (CsA),  which  directly  inhibits 
PTP  (10-12),  and  NAC  which  indirectly  inhibits  PTP  by  block¬ 
ing  ROS  generation  (11,  12,  34),  before  apoptotic  stimulation 
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Fig.  5.  Inhibitors  of  PTP  and  ROS  generation  inhibits  cyto¬ 
chrome  c  release,  caspase  activation,  and  apoptosis  in  GM701 
cells  treated  with  BMD188.  Cells  were  pretreated  with  CsA  (5  pu)  or 
NAC  (1  fi-M)  for  1  h,  followed  by  addition  of  BMD188  (40  /xm)  for  2  h. 
Cytosolic  fractions  were  prepared  as  described  under  “Materials  and 
Methods,”  and  40  pg  of  proteins  was  used  in  Western  blotting  for 
holocytochrome  c  together  with  actin.  The  percentage  of  apoptotic  cells 
was  determined  under  a  fluorescent  microscope  upon  DAPI  staining. 
DEVDase  activity  was  measured  using  40  pg  of  whole  cell  lysates.  Data 
shown  are  representative  of  at  least  three  independent  experiments. 
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with  BMD188.  As  shown  in  Fig.  5,  both  CsA  and  NAC  partially 
inhibited  holocytochrome  c  release,  caspase  activation,  and 
apoptosis  in  GM701  cells. 

Increased  Transport  of  Cytosolic  Cytochrome  c  into  the  Mito¬ 
chondria  Is  Independent  of  MRC — The  preceding  experiments 
demonstrate  that  apoptosis  induced  by  multiple  stimuli  is  pre¬ 
ceded  by  an  up-regulation  of  cytochrome  c  synthesis  and  trans¬ 
port  into  the  mitochondria.  Normal  cytochrome  c  transport  into 
the  mitochondria  has  been  shown  to  be  mediated  by  a  unique 
mechanism  that  does  not  depend  on  mitochondrial  respiration 
or  A ijfm  (1,  53).  To  determine  whether  or  not  the  continuously 
enhanced  cytochrome  c  transport  into  the  mitochondria  during 
apoptosis  depends  on  MRC  or  A</tm,  we  employed  two  experi¬ 
mental  strategies.  In  the  first,  we  pretreated  PC3  cells  with 
tetracycline,  which  inhibits  the  mitochondrial  protein  synthe¬ 
sis  and  the  MRC  activity  (1),  prior  to  BMD188  treatment.  As 
shown  in  Fig.  6A,  inhibition  of  MRC  function  by  tetracycline 
significantly  delayed  caspase  activation,  consistent  with  the 
previous  observations  (37)  that  BMD188-induced  PC3  cell  apo¬ 
ptosis  requires  MRC.  Treatment  with  tetracycline  also  resulted 
in,  as  expected,  the  retention  of  most  cytochrome  c  in  the 
cytosol  (Fig.  623,  0  lane),  because  the  protein  is  not  needed  for 
the  electron  transport  (1).  Upon  BMD188  treatment,  a  time- 
dependent  translocation  of  cytosolic  cytochrome  c  to  mitochon¬ 
dria  was  still  observed  (Fig.  613),  suggesting  that  the  BMD188- 
induced  increase  of  cytochrome  c  transport  to  the  mitochondria 
does  not  depend  on  MRC  per  se. 

In  the  second  strategy,  we  treated  MRC-deficient  p°  PC3 
cells  (clone  6)  (37)  with  BMD188.  As  in  tetracycline-pretreated 
PC3  cells,  the  majority  of  cytochrome  c  in  untreated  p°  PC3 
cells  was  retained  in  the  cytosol  (Fig.  6C,  0  lane),  BMD188 
treatment  again  induced  a  rapid  translocation  of  cytosolic  cy¬ 
tochrome  c  to  the  mitochondria  (Fig.  6C).  The  accumulation  of 
cytochrome  c  in  the  mitochondria  reached  peak  level  at  —4  h 
after  BMD188  treatment,  at  which  time  increased  caspase 
activation  and  apoptosis  were  observed  (Fig.  6C).  In  wild-type, 
respiration-competent  PC3  cells,  40  pu  BMD188  induced  max¬ 
imum  caspase  activation  and  killed  —90%  of  the  cells  within 
4  h  (37).  In  contrast,  BMD188  at  the  same  dose  induced  similar 
levels  of  caspase  activation  and  apoptosis  in  p°  PC3  cells  only 
after  —24  h  treatment  (Fig.  6C).  Together  with  the  tetracycline 
experiments,  these  observations  suggest  that  the  BMD188- 
induced  cell  death  but  not  cytochrome  c  translocation  to  the 
mitochondria  depends  on  the  MRC  function. 

Up-regulation  of  Cytochrome  c  Alone  Is  Insufficient  to  Induce 
Apoptosis  but  Potentiates  Cell  Death  by  BMD188 — To  test 
whether  increased  cytochrome  c  synthesis  and  enrichment  in 
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Fig.  6.  BMD188-induced  PC3  cell  apoptosis,  but  not  BMD188- 
stimulated  cytochrome  c  translocation  to  the  mitochondria,  de¬ 
pends  on  MRC.  A,  tetracycline  inhibits  BMD188-induced  caspase 
activation  in  PC3  cells.  PC3  cells  were  pretreated  with  tetracycline  (1 
pg/ml)  for  1  h  and  then  treated  with  BMD188  (40  jllm)  in  the  presence  of 
tetracycline.  Whole  cell  lysates  were  prepared  at  the  time  points  indi¬ 
cated  and  used  to  measure  DEVDase  activity.  B,  MRC-inhibited  PC3 
cells  treated  with  tetracycline  still  show  a  time-dependent  translocation 
of  cytochrome  c  from  cytosol  to  the  mitochondria  upon  BMD188  treat¬ 
ment.  Thirty  pg/lane  of  the  fractionated  cytosolic  or  mitochondrial 
proteins  (see  “Materials  and  Methods”)  was  used  in  Western  blotting  for 
cytochrome  c.  C,  respiration-deficient  p°  PC3  (clone  6)  cells  (37)  still 
show  cytochrome  c  translocation  to  the  mitochondria  in  response  to 
BMD188  treatment.  Thirty  pg/lane  of  the  fractionated  cytosolic  or  mi¬ 
tochondrial  proteins  was  used  in  Western  blotting  for  cytochrome  c.  In 
the  meantime,  p°  PC3  cells  treated  with  BMD188  for  the  same  time 
intervals  were  also  used  to  measure  DEVDase  activity  and  apoptosis. 

the  mitochondria  contribute  to  apoptosis  induction,  we  tran¬ 
siently  transfected  GM701  cells  with  an  expression  plasmid 
encoding  cytochrome  c-GFP  (cyt-c-GFP)  fusion  protein,  which 
has  been  shown  previously  (51)  to  localize  effectively  to  the 
mitochondria  and  to  be  released  from  the  mitochondria  during 
staurosporine-induced  apoptosis.  Twenty-four  h  after  transfec¬ 
tion,  cells  were  treated  with  BMD188  for  various  lengths  of 
time,  followed  by  quantification  of  apoptotic  nuclei  in  both 
GFP-positive  as  well  as  GFP-negative  cells.  As  shown  in  Fig. 
7A,  GM701  cells  transfected  with  the  GFP  alone  (control  vec¬ 
tor)  showed  similar  levels  of  apoptosis  in  both  GFP+  and  GFP” 
populations.  In  contrast,  in  GM701  cells  transfected  with  the 
cyt-c-GFP,  the  BMD188-induced  apoptosis  was  significantly 
enhanced  (Fig.  7A).  For  example,  3  h  after  BMD188  treatment, 
>90%  of  the  GFP+  cells  was  apoptotic  compared  with  —60%  of 
apoptosis  in  GFP”  cells  (Fig.  7A). 

The  above  results  suggest  that  up-regulation  of  cytochrome  c 
by  enforced  expression  potentiated  apoptosis  induced  by 
BMD188.  To  address  whether  up-regulation  of  cytochrome  c  is 
by  itself  sufficient  to  induce  apoptosis,  we  used  an  ecdysone- 
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Fig.  7.  Overexpression  of  cytochrome  c 
enhanced  BMD188  induced  apoptosis  (A) 
but  cytochrome  c  overexpression  by  itself 
(i.e.  without  stimulation)  is  insufficient  to 
trigger  apoptosis  GM701  fibroblast 
cells  were  transfected  with  plasmids  en¬ 
coding  GFP  or  cyt-c-GFP.  Twenty  four  h 
later,  cells  were  treated  with  BMD188  (30 
pM)  for  the  times  indicated.  Cells  were 
labeled  live  with  DAPI  15  min  before  the 
end  of  the  treatment  followed  by  fixation 
in  4%  paraformaldehyde.  Apoptosis  was 
quantified  by  nuclear  moiphology.  The  re¬ 
sults  are  presented  as  %  of  apoptosis  in  both 
GFP+  or  GFP-  cell  populations.  Values  rep¬ 
resent  the  mean  ±  S.D.  from  three  separate 
experiments.  *,  significantly  different  (p  < 
0.01,  Student’s  t  test)  compared  with  GFP 
cells.  B  and  C,  Western  blot  analysis  of  cy¬ 
tosolic  and  mitochondrial  fractions  from 
GM70 1-pIND/cyt-c-GFP  (B)  and  293-pIND/ 
cyt-c-GFP  (O  cells  induced  by  ponasterone 
(2  pM)  for  the  time  intervals  indicated. 
Twenty  five  pgflane  of  proteins  from  each 
sample  was  separated  by  15%  SDS-PAGE. 
Following  protein  transfer,  membranes 
were  probed  and  reprobed  with  antibodies 
against  COX  II,  cytochrome  c  (which  recog¬ 
nizes  only  endogenous  cytochrome  c  but  not 
cyt-c-GFP),  or  GFP  (which  recognizes  GFP 
or  cyt-c-GFP).  Apoptosis  and  DEVDase  ac¬ 
tivity  were  determined  as  described  under 
“Materials  and  Methods.”  Data  presented 
are  representative  of  three  separate 
experiments. 


inducible  system  to  establish  transcriptionally  inducible  cyto¬ 
chrome  c  in  GM701  and  293  cells.  Double  stable  clones  of  each 
cell  type  expressing  inducible  GFP  or  cyt-c-GFP  in  response  to 
a  ligand  such  as  ponasterone  were  generated  in  two  steps  as 
detailed  under  “Materials  and  Methods.”  The  resultant  cells, 
i.e.  GM70 1-pIND/GFP,  GM701-pIND/cyt-c-GFP,  293-pIND/ 
GFP,  and  293-pIND/cyt-c-GFP  cells,  were  treated  with  2  /am 
ponasterone  for  various  time  intervals  to  induce  the  expression 
of  GFP  or  cyt-c-GFP.  As  shown  in  Fig.  7,  B  and  C,  ponasterone 
induced  a  rapid  induction  of  cyt-c-GFP,  the  majority  of  which, 
like  endogenous  cytochrome  c,  was  localized  in  the  mitochon¬ 
dria,  whereas  ponasterone-induced  GFP  alone  was  mainly  lo¬ 
calized  in  the  cytosol  (not  shown).  Ponasterone  treatment  did 
not  affect  the  expression  of  endogenous  cytochrome  c  or  COX  II 
(Fig.  7,  B  and  C).  Up-regulation  of  cyt-c-GFP  in  both  GM701 
(Fig.  7 B)  and  293  (Fig.  7C)  cells  did  not  lead  to  increased 
caspase  activation  or  apoptosis. 

In  the  above  experiments,  we  utilized  the  cyt-c-GFP  fusion 
protein,  which,  although  being  able  to  correctly  target  to  the 
mitochondria  (see  Ref.  51;  data  not  shown),  might  not  be  fully 
functional  as  an  electron  carrier  in  the  MRC  because  of  the 
presence  of  the  GFP  tag.  To  exclude  this  possibility,  we  made  a 
new  expression  construct,  pCMS-EGFP/cyt-c,  in  which  the  hu¬ 
man  cytochrome  c  (without  any  tag)  and  the  EGFP  are  inde¬ 
pendently  synthesized  from  two  separate  promoters  (see 
“Materials  and  Methods”).  In  this  way,  cytochrome  c  and  GFP 
are  made  as  two  separate  proteins.  By  using  this  vector,  we 
carried  out  experiments  similar  to  those  in  Fig.  7,  B  and  C.  As 
shown  in  Supplemental  Material  Fig.  3S,  as  early  as  24  h  after 
transient  transfection  of  pCMS-EGFP/cyt-c,  the  cytochrome  c 
level  was  significantly  up-regulated  (~ 4-fold)  only  in  the  mito¬ 
chondria,  compared  with  untransfected  cells  or  cells  trans¬ 
fected  with  the  empty  vector.  As  expected,  GFP  was  detected 
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Fig.  8.  A  scheme  illustrating  the  sequence  of  events  in 
MADAP,  highlighting  the  potentially  critical  role  of  early  mito¬ 
chondrial  activation  in  causing  subsequent  mitochondrial  dys¬ 
function  and  cytochrome  c  release. 


only  in  the  cytosol  of  the  transfected  cells  (Fig.  3S).  Because  the 
up-regulated  cytochrome  c  was  detected  only  in  the  mitochon¬ 
dria,  it  is  reasonable  to  think  that  this  exogenous  cytochrome  c, 
just  like  the  endogenous  protein,  should  be  functional  in  par¬ 
ticipating  in  MRC  electron  relays.  Nevertheless,  there  was  no 
significantly  increased  cell  death  at  24  (Fig.  3S)  to  72  h  (not 
shown)  after  the  transfection.  Together,  this  set  of  experiments 
provides  independent  supporting  evidence  that  up-regulation 
of  cytochrome  c  alone  is  insufficient  in  inducing  apoptosis. 
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DISCUSSION 

Up-regulation  of  MRC  Proteins  and  Mitochondrial  Activa¬ 
tion  Early  during  Apoptosis  Induction — Our  previous  studies 
(37)  and  the  present  work  show  that  apoptosis  induced  by 
multiple  stimuli  is  temporally  preceded  by  an  early  induction  of 
MRC  proteins  such  as  cytochrome  c  and  COX  II.  For  example, 
induction  of  cytochrome  c  and  COX  II  mRNAs  and  proteins  in 
GM701  cells  treated  with  BMD188  occurs  within  10  min  (Fig. 
IB  and  2 A),  preceding  caspase  activation  and  death,  which 
becomes  detectable  at  30  min  to  1  h  (Figs.  IB  and  3;  Supple¬ 
mental  Material  Fig.  2S).  Similarly,  up-regulated  cytochrome  c 
and  COX  II  mRNAs  and  proteins  in  MDA-MB231  cells  treated 
with  VP  16  occur  much  earlier  than  caspase  activation  and 
apoptosis  (Figs.  1C  and  2).  Recent  work  by  others  has  also 
revealed  increased  expressions  of  cytochrome  c  and  COX  II 
preceding  cell  death  in  Jurkat  cells  treated  with  camptothecin 
(57)  or  breast  cancer  cells  treated  with  teniposide  (58).  The 
increased  cytochrome  c  and  COX  II  proteins  in  these  apoptotic 
model  systems  appear  to  result  from  the  transcriptional  acti¬ 
vation  of  the  respective  genes,  as  illustrated  in  BMD188- 
treated  GM701  cells  (Fig.  2A)  and  VP16-treated  MDA-MB231 
cells  (Fig.  2B).  Because  COX  II  is  encoded  by  the  mitochondrial 
genome  and  cytochrome  c  the  nuclear  genome,  these  observa¬ 
tions  suggest  that  the  MRC  components  encoded  by  both  ge¬ 
nomes  are  coordinately  induced  early  in  apoptotic  signal  trans¬ 
duction  by  these  stimuli.  In  support,  two  other  MRC  proteins, 
COX  I  and  COX  IV,  also  encoded  by  the  mitochondrial  and 
nuclear  genomes,  respectively  (1),  are  similarly  up-regulated 
during  apoptosis  induced  by  BMD188  (37),  camptothecin  (57), 
and  teniposide  (58). 

Why  should  cells  up-regulate  these  MRC  proteins  in  re¬ 
sponse  to  apoptotic  stimuli  of  diverse  mechanisms  of  action  (see 
Refs.  37,  57,  and  58;  this  study)?  Multiple  pieces  of  evidence 
suggest  that  the  up-regulation  of  MRC  proteins  may  represent 
one  aspect  of  a  more  global  mitochondrial  activation  response 
(Fig.  8).  First,  not  only  MRC  proteins  but  also  many  mitochon- 
drially  localized,  non-MRC  proteins  are  up-regulated.  For  ex¬ 
ample,  in  BMD188-induced  GM701  cell  death,  Bcl-2  family 
proteins  Bim,  Bak,  and  Bcl-2  as  well  as  Smac,  all  encoded  by 
the  nuclear  genes  and  normally  localized  exclusively  in  the 
mitochondria,  are  up-regulated  (Fig.  3,  D  and  E).  Similarly, 
both  Bim  and  Bcl-2  are  also  induced  in  serum-starved  LNCaP 
cells  and  VP16-treated  MDA-MB231  cells.2  Second,  apoptosis 
induced  by  many  of  these  apoptotic  stimuli  exemplified  by 
BMD188  (37),  camptothecin  (57),  staurosporine  (13),  Fas  (59), 
and  Mn(II)  (38)  is  preceded  by  an  early  hyperpolarization  of  the 
At jfm  (Fig.  8),  thus  indicative  of  enhanced  electron  transport  and 
MRC  activity.  Third,  these  inducers  rapidly  up-regulate  the 
oxygen  consumption  capacity  of  the  cells  (e.g.  37,  57,  58)  or 
COX  activity  (35),  suggesting  that  the  up-regulated  MRC  com¬ 
ponents  are  functionally  participating  in  the  electron  trans¬ 
port.  Finally,  mitochondria  represent  the  primary  site  of  ROS 
generation  in  the  cells,  and  enhanced  MRC  activity  is  generally 
accompanied  by  increased  ROS  production  (5-7).  Indeed,  in¬ 
creased  ROS  generation  has  been  observed  early  in  apoptosis 
induced  by  most  of  these  stimuli  including  TNF-a,  Fas, 
BMD188,  nordihydroguaiaretic  acid,  camptothecin,  Fas, 
Mn(II),  retinoid  CD437,  ceramide,  short  chain  fatty  acids,  hy¬ 
poxia,  and  deprivation  (31-43,  57-59).  Altogether,  these  obser¬ 
vations  suggest  that  one  of  the  common  events  in  apoptosis 
induced  by  a  wide  spectrum  of  stimuli  is  early  mitochondrial 
activation  manifested  as  increased  synthesis  of  mitochondri- 
ally  localized  (both  MRC  and  non-MRC)  proteins  and  increased 
Ai//m,  oxygen  consumption,  and  ROS  production  (Fig.  8). 

This  early  mitochondrial  activation  could  represent  a  defen¬ 
sive  response  of  cells  to  various  stresses.  However,  the  fact  that 


cells  lacking  a  functional  MRC  (i.e.  p°  cells)  or  cells  with  defi¬ 
cient  MRC  function  due  to  either  chemical  blocking  or  genetic 
mutation/deletion  of  individual  respiratory  proteins  are  often 
resistant  to  apoptosis  induction  (31-43)  (Supplemental  Mate¬ 
rial  Fig.  IS;  see  discussion  in  Introduction)  strongly  suggests 
that  the  MRC  and  early  mitochondrial  activation  are  also  caus¬ 
ally  involved  in  apoptosis  induction  (see  below).  In  this  sense, 
apoptosis  triggered  by  the  stimuli  that  cause  early  mitochon¬ 
drial  activation  and  require  the  mitochondrial  activation  for 
the  apoptotic  effect  can  be  called  mitochondrial  activation- 
dependent  apoptotic  pathway  or  MADAP. 

Importance  of  Early  Mitochondrial  Activation  and  Cyto¬ 
chrome  c  Up-regulation  in  MADAP — How  might  early  mito¬ 
chondrial  activation  contribute  to  apoptosis  induction?  We 
shall  address  this  question  later  in  the  context  of  cytochrome  c 
release.  However,  a  detailed  look  at  the  potential  role  of  cyto¬ 
chrome  c  movement  in  BMD188-induced  GM701  cell  death 
may  shed  some  light  on  this  question.  Early  upon  stimulation 
the  apoptotic  signals  rapidly  up-regulate  cytochrome  c,  some  of 
which  translocates  to  the  mitochondria.  As  the  increased  cyto¬ 
chrome  c  synthesis  in  the  cytosol  and  transport  into  the  mito¬ 
chondria  continue  and  intensify,  holocytochrome  c  is  gradually 
released  from  the  mitochondria  into  the  cytosol  to  initiate  apo- 
ptosome  formation.  Remarkably,  increased  cytochrome  c  syn¬ 
thesis  and  transport  are  still  observed  even  when  holocyto¬ 
chrome  c  is  nearly  completely  released  from  the  mitochondria 
(Figs.  IB,  2A,  and  3A).  Therefore,  cytochrome  c  undergoes 
cyclic  changes  in  this  apoptotic  model,  i.e.  increased  apocyto- 
chrome  c  synthesis  in  the  cytosol  — >  increased  apocytochrome  c 
transport  into  the  mitochondria  — *  increased  holocytochrome  c 
accumulation  in  the  mitochondria  — >  increased  holocytochrome 
c  release  into  the  cytosol  the  whole  cycle  continues  until  all 
holocytochrome  c  is  released  from  the  mitochondria  and  until 
mitochondria  no  longer  have  the  ability  to  convert  up-regulated 
apocytochrome  c  to  holocytochrome  c. 

Several  pieces  of  evidence  suggest  that  the  increased  cyto¬ 
chrome  c  translocation  to  and  its  accumulation  in  the  mito¬ 
chondria  might  contribute  to  apoptosis  induction.  First,  in  all 
the  cases  studied,  the  translocation  of  cytochrome  c  to  and  its 
accumulation  in  the  mitochondria  occur  prior  to  caspase  acti¬ 
vation  and  cell  death  (Fig.  1  ,A-E  and  data  not  shown).  Second, 
in  p°  and  tetracycline-treated  PC 3  cells,  although  cytochrome  c 
translocation  still  occurs,  its  peak  accumulation  in  the  mito¬ 
chondria  is  delayed,  i.e.  from  ~1  to  2-4  h  (37)  (Fig.  6,  B  and  C 
of  this  work).  In  the  meantime,  caspase  activation  as  well  as 
cell  death  are  also  delayed  (Fig.  6;  37).  Third,  inhibition  of  de 
novo  mRNA  synthesis  by  A/D  or  protein  synthesis  by  CHX 
inhibits  BMD188  and  VP16-induced  up-regulation  in  COX  H 
and  cytochrome  c  as  well  as  apoptosis  (Fig.  2).  Although  A/D 
and  CHX  may  likely  affect  many  other  gene  and  protein  tar¬ 
gets,  it  is  reasonable  to  think  that  their  inhibitory  effects  on 
cytochrome  c  up-regulation,  at  least  partially,  contribute  to 
their  inhibition  of  apoptosis.  Finally,  enforced  overexpression 
of  exogenous  cytochrome  c,  which  also  rapidly  translocates  to 
the  mitochondria  (not  shown),  significantly  potentiates  apo¬ 
ptosis  (Fig.  7A).  Interestingly,  simply  up-regulating  cyto¬ 
chrome  c  expression  is  insufficient  to  trigger  apoptosis;  in  the 
absence  of  an  apoptotic  inducer,  up-regulated  cytochrome  c 
does  not  increase  spontaneous  cell  death  (Fig.  7,  B  and  C; 
Supplemental  Material  Fig.  3S).  These  observations  suggest 
that  the  accumulation  of  cytochrome  c  in  the  mitochondria  may 
represent  only  one  of  the  apoptosis-initiating  factors  and  that  it 
is  the  combination  of  many  factors  during  mitochondrial  acti¬ 
vation  that  eventually  leads  to  mitochondrial  dysfunction,  cy¬ 
tochrome  c  release,  and  caspase  activation  (see  below). 

How  is  the  newly  synthesized  cytochrome  c  transported  into 
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the  mitochondria  during  MADAP?  Normally,  most  cytochrome 
c,  upon  synthesis,  is  immediately  transported  to  the  mitochon¬ 
dria  in  which  the  protein  turns  into  holocytochrome  c  as  the 
result  of  binding  to  the  heme  group,  and  this  transport  process 
utilizes  a  unique  import  pathway  that  does  not  depend  on  the 
MRC  or  A \pm  (1,  53).  Likewise,  the  increased  transport  of  cyto¬ 
chrome  c  to  the  mitochondria  in  BMD188-induced  PC3  cell 
death  does  not  depend  on  the  MRC  or  A i//m,  as  it  also  occurs  in 
p°  cells  or  when  MRC  is  inhibited  by  tetracycline  (Fig.  6).  In 
support  of  this  conclusion,  increased  cytochrome  c  accumula¬ 
tion  in  the  mitochondria  is  still  observed  long  after  the  mito¬ 
chondria  have  lost  the  Ai//m  (compare  Figs.  IB,  3A,  and  4). 

Our  observation  that  cytochrome  c  can  be  transcriptionally 
up-regulated  leading  to  increased  apocytochrome  c  proteins  in 
the  cytosol  has  a  practical  implication.  In  the  literature,  fre¬ 
quently  only  the  increased  cytosolic  cytochrome  c  levels  are 
shown,  and  this  is  used  as  evidence  of  cytochrome  c  release 
from  the  mitochondria.  Without  using  an  antibody  that  specif¬ 
ically  recognizes  the  holocytochrome  c  (Table  I)  and  without 
demonstrating  correspondingly  decreased  mitochondrial  cyto¬ 
chrome  c,  however,  it  will  be  unable  to  distinguish  whether  the 
increased  cytochrome  c  in  the  cytosol  results  from  mitochon¬ 
drial  release  or  from  the  transcriptional  up-regulation  of  the 
gene. 

How  Might  Cytochrome  c  Be  Released  during  MADAP ? — The 
apoptogenic  holocytochrome  c  is  normally  sequestered  in  the 
mitochondrial  intermembrane  space.  The  outer  mitochondrial 
membrane  (OMM)  has  a  limited  permeability  allowing  the 
passage  of  molecules  <1.5  kDa,  and  the  inner  mitochondrial 
membrane  (IMM)  is  essentially  impermeable.  Although  still 
highly  debatable,  three  major  models  have  been  proposed  to 
explain  how  cytochrome  c  might  be  released  from  the  mitochon¬ 
dria  during  apoptosis  (60).  In  the  first,  proapoptotic  Bcl-2  fam¬ 
ily  proteins,  Bax  and  Bak  in  particular,  directly  form  pores  on 
OMM  to  release  selectively  cytochrome  c  without  major  effects 
on  mitochondrial  function  (61-63).  In  the  second  model,  apop- 
totic  signals  open  the  PTP  resulting  in  the  loss  of  A^m  and 
swelling  of  the  mitochondrial  matrix,  which  causes  eventual 
OMM  rupture,  nonselective  OMM  permeabilization,  and  cyto¬ 
chrome  c  release  (63-65).  In  the  third  model,  apoptotic  signal¬ 
ing  evokes  the  opening  of  a  voltage-independent  megapore 
termed  MAC  (mitochondria  apoptosis-induced  channel)  (66). 
MAC  is  distinct  from  PTP  in  that  it  does  not  have  voltage-de¬ 
pendent  anion  channel  (VDAC,  located  in  OMM)  as  a  compo¬ 
nent,  and  it  displays  multiple  conductance  levels,  with  a  peak 
single  channel  opening  of  —2.5  nS,  corresponding  to  a  pore 
diameter  of  —4.5  nm  (66).  Therefore,  MAC  is  significantly 
bigger  than  the  Bax/Bak  channel  or  PTP  (66). 

None  of  these  models  alone  seems  to  be  able  to  explain 
completely  how  cytochrome  c  might  be  released  during 
MADAP.  Instead,  dynamic  changes  in  Bcl-2  family  proteins, 
opening  of  PTP  and  loss  of  A \\tm,  and  opening  of  much  larger 
pores  (that  can  allow  the  release  of  HSP60  from  the  matrix)  all 
seem  to  be  involved.  For  example,  in  BMD188-induced  GM701 
cell  death,  all  three  BH3  domain-only  proteins,  Le.  Bim,  Bad, 
and  Bid,  are  activated;  Bim  is  up-regulated  transcriptionally 
(Fig.  3D  and  data  not  shown);  Bad  rapidly  translocates  to  the 
mitochondria,  and  Bid  is  cleaved  late  during  apoptosis  (Fig. 
3D).  In  contrast,  the  multidomain  Bcl-2  proteins  show  complex 
alterations;  both  Bcl-xL  and  Bcl-2  are  induced  and  concentrated 
in  the  mitochondria,  and  Bak  is  induced  whereas  Bax  is  re¬ 
duced  early  during  apoptosis  induction  (Fig.  3D).  Similar  alter¬ 
ations  such  as  rapid  induction  of  Bim  mRNA  and  protein  have 
also  been  observed  in  MDA-MB231  cells  treated  with  VP16  and 
LNCaP  cells  subjected  to  serum  starvation.2  Because  the  Bcl-2 
proteins  normally  function  in  the  mitochondria  to  maintain  the 
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organelle  integrity  and  functional  homeostasis  (26,  55,  63,  64, 
67),  these  dynamic  changes  may  reflect  the  life-and-death  “bat¬ 
tle”  among  these  proteins.  Thus,  it  is  possible  that,  as  Bim  and 
Bad  are  activated  and  Bak  is  induced,  Bax  is  down-regulated, 
and  prosurvival  Bcl-2  and  Bcl-xL  are  up-regulated  in  order  to 
prolong  the  cell  survival.  As  apoptotic  stimulation  continues, 
more  Bim  and  Bak  are  induced,  and  more  Bad  is  translocated 
to  the  mitochondria,  tilting  the  balance  toward  cell  death.  In 
this  scenario,  cytochrome  c  might  be  released  through  the 
Bax/Bak  channel  (as  a  significant  amount  of  Bax  is  always 
present  in  the  mitochondria)  or  through  Bak  alone,  which  has 
been  shown  recently  (68)  to  play  a  critical  role  in  mediating 
cytochrome  c  release  in  anticancer  drug-induced  apoptosis. 

The  Bax/Bak  pores  are  small  (0.5  nS;  66)  and  are  thought  to 
release  selectively  cytochrome  c  without  significantly  affecting 
mitochondrial  parameters  such  as  membrane  permeability  and 
matrix  volume  (61-63).  In  apoptosis  induced  by  BMD188  (37) 
and  many  other  stimuli  (e.g.  see  Refs.  13, 38,  57,  and  59),  there 
is  an  early  IMM  hyperpolarization  and  increased  Ai followed 
by  subsequent  loss  of  Furthermore,  at  least  in  the  case  of 
BMD188-induced  GM701  cell  death,  proteins  much  larger  than 
cytochrome  c  (Le.  25-kDa  Smac  and  60-kDa  HSP60)  are  also 
released  from  mitochondria.  Together,  these  observations  sug¬ 
gest  that  cytochrome  c  release  in  these  apoptotic  systems  may 
involve  opening  of  PTP  or  MAC  or  some  other  pores  in  addition 
to  Bcl-2  family  proteins  (Fig.  8).  The  supporting  evidence  comes 
from  the  loss  of  the  Ai//m  at  30  min  when  the  majority  of 
cytochrome  c  in  most  cells  is  still  in  the  organelle  (Fig.  4), 
suggesting  PTP  opening  prior  to  cytochrome  c  release.  More 
importantly,  BMD188-induced  cytochrome  c  release  and  sub¬ 
sequent  caspase  activation  and  cell  death  in  GM701  cells  can 
be  inhibited  by  CsA,  which  inhibits  cyclophilin  D,  an  important 
component  of  the  PTP,  as  well  as  by  NAC,  which  indirectly 
inhibits  PTP  (11,  12).  The  inhibitoiy  effect  of  NAC  also  sug¬ 
gests  ROS  production  by  BMD188,  as  observed  previously  (37). 
It  is  interesting  to  note  that  the  patterns  of  cytochrome  c 
release  and  Smac  are  very  similar  (Fig.  3,  A  and  D),  suggesting 
that  these  two  intermembrane  proteins  may  utilize  the  same 
(or  similar)  channel  or  pore  for  their  exodus.  Surprisingly  and 
intriguingly,  the  matrix  protein  HSP60  is  maximally  released 
into  the  cytosol  much  earlier,  at  a  time  when  cytochrome 
c/Smac  release  has  just  started  (see  Fig.  3,  A  and  D).  These 
differential  release  kinetics  suggest  the  following:  1)  the  re¬ 
lease  of  these  individual  proteins  is  specific,  which  cannot  be 
accounted  for  by  nonspecific  rupture  of  OMM;  and  2)  different 
channels  or  pores  are  probably  utilized  to  release  different 
proteins. 

It  is  noteworthy  that  Bim  is  rapidly  and  commonly  induced 
in  the  three  MADAP  systems  we  examined  in  detail,  Le. 
BMD188-treated  GM701  cells  (this  study),  serum-deprived  LN¬ 
CaP  cells,2  and  VP16-treated  MDA-MB231  cells,3  suggesting 
that  this  may  be  the  key  BH3-only  molecule  in  initiating 
MADAP.  Interestingly,  Bim  has  been  shown  recently  to  induce 
both  Bax/Bak-dependent  and  Bax/Bak-independent  cyto¬ 
chrome  c  release  (69).  In  the  latter  mechanism,  Bim  directly 
interacts  with  VDAC  and  triggers  VDAC-dependent  cyto¬ 
chrome  c  release  (69).  Because  VDAC  is  an  integral  component 
of  PTP  and  also  forms  pores  with  Bax  (63-65),  which  in  turn 
seems  to  be  part  of  the  MAC  (66),  it  is  possible  that  all  these 
proteins  together  form  very  dynamic  pores/channels  of  differ¬ 
ent  sizes  and  selectivity  at  the  contact  sites  of  IMM  and  OMM, 
which  are  opened  by  BH3-only  proteins  such  as  Bim  and  closed 
by  anti-apoptotic  proteins  such  as  Bcl-2  and  Bcl-xL. 

In  summary,  our  data  presented  herein,  together  with  other 


3  D.  Chandra,  J.-W.  Liu,  and  D.  G.  Tang,  unpublished  observations. 
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data  (31-45,  57,  58)  suggest  the  apoptotic  model  presented  in 
Fig.  8.  In  response  to  a  wide  diversity  of  apoptotic  stimuli,  cells 
immediately  wage  a  defensive  response  characterized  by  mito¬ 
chondrial  activation,  manifested  by  rapid  up-regulations  of 
multiple  MRC  proteins  and  enhanced  MRC  activities  such  as 
oxygen  consumption.  In  the  meantime,  Bcl-2  proteins  undergo 
dynamic  alterations  in  attempt  to  keep  the  cells  alive.  In  the 
persistent  apoptotic  stimulation,  the  increasing  ROS  produc¬ 
tion  as  a  result  of  continuously  increased  MRC  activation  and 
cytochrome  c  accumulation  in  the  mitochondria  results  in  the 
opening  of  PTP  and/or  other  pores  and  loss  of  which, 
together  with  more  pro-apoptotic  changes  in  the  Bcl-2  family 
proteins,  leads  to  the  release  of  holocytochrome  c  and,  subse¬ 
quently,  activation  of  caspases. 
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Active  caspase-9  and  caspase-3  have  been  observed  in 
the  mitochondria,  but  their  origins  are  unclear.  Theo¬ 
retically,  procaspase-9  might  be  activated  in  the  mito¬ 
chondria  in  a  cytochrome  c/Ap af- 1  -dep endent  manner, 
or  activated  caspase-9  and  -3  may  translocate  to  the 
mitochondria,  or  the  mitochondrially  localized  pro- 
caspases  may  be  activated  by  the  translocated  active 
caspases.  Here  we  present  evidence  that  the  mitochon¬ 
drially  localized  active  caspase-9  and  -3  result  mostly 
from  translocation  from  the  cytosol  (into  the  intermem¬ 
brane  space)  and  partly  from  caspase-mediated  activa¬ 
tion  in  the  organelle  rather  than  from  the  Apaf-l-medi- 
ated  activation.  Apaf-1  localizes  exclusively  in  the 
cytosol  and,  upon  apoptotic  stimulation,  translocates  to 
the  perinuclear  area  but  not  to  the  mitochondria.  In 
most  cases,  the  mitochondrially  localized  procaspase-9 
and  -3  are  released  early  during  apoptosis  and  translo¬ 
cate  to  the  cytosol  and/or  perinuclear  area.  Cytochrome 
c  and  the  mitochondrial  matrix  protein  Hsp60  are  also 
rapidly  released  to  the  cytosol  early  during  apoptosis. 
Both  the  early  release  of  proteins  like  cytochrome  c  and 
Hsp60  from  the  mitochondria  as  well  as  the  later  trans¬ 
location  of  the  active  caspase-9/-3  are  partially  inhibited 
by  cyclosporin  A,  an  inhibitor  of  mitochondrial  mem¬ 
brane  permeabilization.  The  mitochondrial  active 
caspases  may  function  as  a  positive  feedback  mecha¬ 
nism  to  further  activate  other  or  residual  mitochondrial 
procaspases,  degrade  mitochondrial  constituents,  and 
disintegrate  mitochondrial  functions. 


Apoptosis  plays  an  essential  role  in  animal  development  and 
in  maintaining  the  homeostasis  of  adult  tissues  (1).  The  family 
of  caspases  (cysteine  aspartic  acid-specific  protease)  is  the  key 
effector  in  the  execution  of  apoptotic  cell  death  (2).  Caspases 
are  synthesized  as  inactive  proenzymes,  which  become  proteo- 
lytically  cleaved  during  apoptosis  to  generate  active  enzymes. 
The  active  caspases  cleave  cellular  proteins  such  as  poly(ADP- 
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ribose)  polymerase  (PARP)1  to  dismantle  the  apoptotic  cells  (3). 
The  exact  mechanism(s)  whereby  various  caspases  become  ac¬ 
tivated  are  still  unclear.  Two  pathways  leading  to  caspase 
activation  are  relatively  better  understood.  In  the  first  path¬ 
way,  apoptotic  stimuli  cause  the  release  of  cytochrome  c  (cyt.  c) 
from  the  intermembrane  space  (IMS)  of  the  mitochondria  to  the 
cytosol.  The  released  cyt.  c  binds  to  and  activates  the  adaptor 
protein  Apaf-1,  which  in  turn  activates  the  initiator  pro¬ 
caspase-9  in  the  presence  of  ATP,  leading  to  the  formation  of 
apoptosome  and  subsequent  activation  of  “executioner” 
caspases  such  as  caspase-3,  -6,  or  -7  (4).  In  the  second  pathway, 
the  FADD/TRADD  adaptor  proteins  recruit  the  initiator  pro- 
caspase-8  (or  -10)  to  cell  surface  death  receptors,  leading  to 
death  receptor-induced  signaling  complex  formation,  caspase-8 
activation,  and,  subsequently,  activation  of  executioner 
caspases  (5).  Recent  evidence  also  implicates  caspase-2  activa¬ 
tion  upstream  of  the  cyt.  c/Apaf-1  apoptosome-initiated  apo¬ 
ptosis  (6-10)  or  cyt.  c/Apaf-l-independent  apoptotic  pathways 
(11-13). 

Apart  from  their  cytosolic  residence,  procaspases  are  also 
localized  in  other  subcellular  compartments.  For  example,  pro- 
caspase-2  has  been  found  in  the  Golgi  apparatus  and  nucleus 
(14, 15).  Procaspase-12  is  mainly  expressed  in  the  endoplasmic 
reticulum  where  it  serves  as  a  major  sensor  of  local  stress  (16). 
Depending  on  cell  types,  procaspase-2  (17),  procaspase-3  (18, 
19),  procaspase-8  (20),  and  procaspase-9  (17,  21)  have  been 
reported  to  be  present  in  the  IMS  of  the  mitochondria.  Active 
caspases  have  also  been  found  in  different  subcellular  compart¬ 
ments.  For  example,  in  response  to  tumor  necrosis  factor-a, 
procaspase-1  translocates  to  the  nucleus  where  it  is  proteolyti- 
cally  activated  (22,  23).  Upon  treatment  with  tunicamycin, 
some  activated  caspase- 12  translocates  to  or  around  the  nuclei 
of  apoptotic  cells  (24).  In  some  experimental  systems,  the  mi¬ 
tochondrially  localized  procaspase-2  and  -3,  upon  activation, 
translocate  to  the  nucleus  (14, 15, 17).  Activated  caspase-7  has 
been  shown  to  be  associated  exclusively  with  the  mitochondri¬ 
al/microsomal  fractions  (25).  Activated  forms  of  caspase-2  and 
caspase-9  have  been  detected  in  the  mitochondria  (17).  Acti- 


1  The  abbreviations  used  are:  PARP,  poly(ADP-ribose)  polymerase; 
AFC,  7-amino-4-trifluoromethylcoumarin;  Apaf-1,  apoptotic  protease¬ 
activating  factor-1;  BMD188,  a  hydroxamic  acid  compound;  cyt.  c,  cy¬ 
tochrome  c;  CsA,  cyclosporin  A;  DAPI,  4',6-diamidino-2-phenylindole; 
IMS,  intermembrane  space;  MADAP,  mitochondrial  activation-depend¬ 
ent  apoptotic  pathway;  MMP,  mitochondrial  membrane  permeabiliza- 
tion;  MRC,  mitochondrial  respiratory  chain;  OMM,  outer  mitochondrial 
membrane;  VDAC,  voltage-dependent  anion  channel;  CHAPS,  3-K3- 
cholamidopropyl)dimethylammonio]-l-propanesulfonic  acid;  Z,  ben- 
zyloxycarbonyl;  PBS,  phosphate-buffered  saline;  MOPS,  4-morpho- 
linepropanesulfonic  acid;  fink,  fluoromethyl  ketone;  Pan ,  pantothenate. 
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Table  I 

Primary  antibodies  used  in  this  study 


Ab® 

Type 

Source  (catalog  no.) 

Remarks 

Actin 

Mouse  mAb 

ICN  (69100) 

Apaf-1 

Rb  pAb 

Pharmingen  (559683) 

Recognizes  Apaf-1  on  Western 

Apaf-1 

Rat  mAb 

Chemicon  (90001740) 

Recognizes  Apaf-1  on  immunofluorescence 

COX  II 

Mouse  mAb 

Molecular  Probes  (A-6404) 

Cyt.  c 

Mouse  mAb 

R  &  D  Systems  (6380-MC-100) 

Recognizes  holocytochrome  c  only  on  Western 

Caspase-3 

RbpAb 

Biomol  (SA-320) 

Recognizes  the  proform  and  cleaved  fragments  on  Western; 
also  used  for  fluorescence 

Caspase-9 

Rb  pAb 

Chemicon  (Ab  16970) 

Recognizes  the  proform  and  cleaved  fragments  on  Western; 
also  used  for  fluorescence 

PARP 

Rb  pAb 

Roche  Applied  Science  (1  835  238) 

Hsp60 

Mouse  mAb 

Chemicon  (mAb  3514) 

Smac 

Rb  pAb 

Dr.  X.  Wang 

VDAC 

Rb  pAb 

Calbiochem  (PC  no.  548) 

°  The  abbreviations  used  are  as  follows:  Ab,  antibodies;  COX  II,  cytochrome  c  oxidase  subunit  II;  mAb,  monoclonal  antibody;  pAb,  polyclonal 


antibody;  Rb,  rabbit;  Hsp60,  heat  shock  protein  60. 


vated  caspase-2  has  also  been  detected  in  apoptotic  nuclei  (26). 
Upon  induction  of  apoptosis,  mitochondrial  procaspase-9  trans¬ 
locates  to  the  cytosol  and  nucleus  in  both  cell  culture  and 
animal  model  systems  (17,  21).  Similarly,  activated  caspase-3 
has  been  detected  in  normal  and  apoptotic  nuclei  (27-29).  In  all 
these  apoptotic  systems,  it  is  generally  thought  that  pro- 
caspases  “stored”  in  various  subcellular  compartments  are  re¬ 
leased,  upon  apoptosis  induction,  and  become  activated  in  the 
cytosol  or  that  the  cytosolically  activated  caspases  translocate 
to  various  organelles  to  participate  in  apoptosis.  It  is  still 
unclear  whether  the  procaspases  localized  in  the  organelles 
(e.g.  mitochondria)  can  ever  be  activated  in  situ .  A  pertinent 
philosophical  question  is  why  these  procaspases  have  to  be 
“imported”  into  these  organelles  if  they  can  only  be  activated  in 
the  cytosol? 

Recently,  we  have  found  that  apoptosis  induced  by  many 
stimuli  involves  an  early  mitochondrial  activation,  which  is 
characterized  by  up-regulation  of  the  mitochondrial  respiratory 
chain  (MRC)  proteins  and  many  other  mitochondrially  local¬ 
ized  non-MRC  proteins  (30).  A  cardinal  feature  of  this  mito¬ 
chondrial  activation-dependent  apoptotic  pathway  (or  MADAP) 
is  the  early  up-regulation  and  enrichment  of  cyt.  c  in  the 
mitochondria,  which  precede  its  release.  Because  procaspase-9 
is  present  in  the  IMS  of  the  mitochondria  (14,  17,  21),  we 
hypothesized  that  the  increased  mitochondrial  cyt.  c  might  lead 
to  the  activation  of  procaspase-9  and,  subsequently,  of  pro- 
caspase-3  inside  the  organelle.  In  this  study,  we  utilized  our 
MADAP  model  to  test  this  hypothesis.  Our  results  show  no 
evidence  of  cyt.  c/Apaf-l-mediated  procaspase-9  activation  in¬ 
side  the  mitochondria.  Instead,  the  results  suggest  that  the 
mitochondrial  active  caspase-9  and  -3  result  mostly  from  the 
translocation  from  the  cytosol  and  partly  from  caspase-medi- 
ated  activation  in  the  mitochondria. 

MATERIALS  AND  METHODS 

Cells  and  Reagents-^ GM701.2-8C  (GM701)  cells  were  kindly  pro¬ 
vided  by  Dr.  M.  King  (Thomas  Jefferson  University)  and  cultured  in 
Dulbecco’s  minimum  essential  medium  (Invitrogen)  supplemented  with 
10%  heat-inactivated  fetal  bovine  serum  and  antibiotics.  Human  pros¬ 
tate  cancer  cells,  PC3  and  LNCaP,  were  purchased  from  ATCC 
(Manassas,  VA)  and  cultured  in  RPMI  1640  supplemented  with  5  and 
10%  fetal  bovine  serum,  respectively. 

The  primary  antibodies  used  are  listed  in  Table  I.  All  secondary 
antibodies,  i.e.  goat,  donkey,  or  sheep  anti-mouse  or  rabbit  or  goat  IgG 
conjugated  to  horseradish  peroxidase,  fluorescein  isothiocyanate,  or 
rhodamine,  together  with  enhanced  chemiluminescence  (ECL)  reagents 
were  acquired  from  Amersham  Biosciences.  Biotinylated  goat  anti-rat 
or  anti-rabbit  antibodies  were  obtained  from  Jackson  ImmimoResearch 
(West  Grove,  PA).  Fluorogenic  caspase  substrates  DEVD-AFC  and 
LEHD-AFC,  Pan-caspase  inhibitor  Z-VAD-fmk,  caspase-3/7  inhibitor 
Z-DEVD-fmk,  and  recombinant  caspase-3  were  bought  from  Biomol 
(Plymouth  Meeting,  PA).  Streptavidin  conjugated  to  AlexaFluor  594  or 


488  and  mitochondrial  dyes  were  purchased  from  Molecular  Probes 
(Eugene,  OR).  All  other  chemicals  were  purchased  from  Sigma  unless 
specified  otherwise. 

Subcellular  Fractionation  and  Western  Blotting — Mitochondria  were 
prepared  as  described  previously  (30-32).  Briefly,  cells  were  treated 
with  various  chemicals,  inhibitors,  or  vehicle  (ethanol  or  Me2S0)  con¬ 
trol.  In  some  experiments,  cells  were  pretreated  with  cyclosporin  A 
(CsA),  Z-VAD-fmk,  or  Z-DEVD-fmk  before  apoptosis  induction.  At  the 
end  of  the  treatment,  cells  were  harvested  with  trypsin,  washed  twice  in 
ice-cold  PBS,  and  resuspended  in  600  /xl  of  homogenizing  buffer  (20  mM 
HEPES-KOH,  pH  7.5,  10  mM  KC1,  1.5  mM  MgCl2,  1  mM  sodium  EDTA, 
1  mM  sodium  EGTA,  and  1  mM  dithiothreitol)  containing  250  mM 
sucrose  and  a  mixture  of  protease  inhibitors  (1  mM  phenylmethylsulfo- 
nyl  fluoride,  1%  aprotinin,  1  mM  leupeptin,  1  pg/ml  pepstatin  A,  and  1 
fig/ ml  chymostatin).  After  30  min  of  incubation  on  ice,  cells  were  ho¬ 
mogenized  in  the  same  buffer  using  a  glass  Pyrex  homogenizer  (type  A 
pestle,  140  strokes).  Unbroken  cells,  large  plasma  membrane  pieces, 
and  nuclei  were  removed  by  centrifuging  the  homogenates  at  500  X  g 
for  5  min  at  4  °C.  The  resulting  supernatant  was  centrifuged  at 
10,000  X  g  for  20  min  to  obtain  mitochondria.  The  remaining  superna¬ 
tant  was  again  subjected  to  centrifugation  at  100,000  X  g  for  1  h  to 
obtain  the  cytosolic  fraction  (i.e.  S100  fraction).  Mitochondrial  pellet 
was  washed  three  times  in  homogenizing  buffer  and  then  solubilized  in 
TNC  buffer  (10  mM  Tris  acetate,  pH  8.0,  0.5%  Nonidet  P-40,  5  mM 
CaCl2)  containing  protease  inhibitors.  Protein  concentration  was  deter¬ 
mined  by  Micro-BCA  kit  (Pierce). 

For  Western  blotting,  various  amounts  of  mitochondrial  or  cytosolic 
proteins  were  loaded  in  each  lane  of  a  15%  SDS-polyacrylamide  gel. 
After  gel  electrophoresis  and  protein  transfer,  the  membrane  was 
probed  or  reprobed,  after  stripping,  with  various  primary  and  corre¬ 
sponding  secondary  antibodies.  Western  blotting  was  performed  using 
ECL  as  described  previously  (30). 

Characterization  of  Mitochondrial  Preparation  by  Transmission 
Electron  Microscopy — The  mitochondrial  fractions  prepared  from  PC3 
cells  as  described  above  were  fixed  for  30  min  at  4  °C  in  1%  acrolein  (v/v) 
in  homogenizing  buffer.  At  the  end  of  fixation,  the  mitochondria  were 
pelleted  by  centrifugation  at  10,000  X  g  and  then  resuspended  in 
homogenizing  buffer  containing  0.5%  dimethyl  sulfoxide  (v/v).  Mito¬ 
chondria  were  pelleted  and  resuspended  in  the  same  buffer  four  times 
for  15  min  each,  post-fixed  for  30  min  in  1%  osmium  tetroxide  at  room 
temperature,  washed  in  homogenizing  buffer,  dehydrated  in  graded 
ethanol  (20,  40,  60,  80,  90,  95,  and  100%  2  times),  and  then  passed 
through  propylene  oxide,  followed  by  infiltration  and  embedding  in 
epoxy  resin.  Ultrathin  (80-100-nm)  sections  were  cut  with  a  Reichert 
Ultracut  E  ultramicrotome,  picked  up  on  200  mesh  copper  grids,  and 
stained  with  2%  (w/v)  aqueous  uranyl  acetate  followed  by  lead  citrate. 
Grids  were  examined  and  photographed  in  a  Zeiss  10  C  transmission 
electron  microscopy  at  an  accelerating  voltage  of  80  kV. 

Preparation  of  Percoll  Gradient-purified  Mitochondria — PC3  cells 
(12  X  106)  were  treated  with  ethanol  or  BMD188  (40  /xm)  for  1  h  and 
then  harvested  for  homogenization  and  differential  centrifugation  as 
described  above.  The  resulting  10,000  X  g  mitochondrial  pellet  was 
washed  and  then  resuspended  in  an  EDTA-free  medium  and  layered  on 
a  Percoll  gradient  consisting  of  four  layers  of  10,  18,  30,  and  70%  (by 
volume)  Percoll  in  0.3  M  mannitol  and  5  mM  MOPS,  pH  7.2  (33).  After 
centrifugation  for  35  min  at  13,500  X  g,  the  purified  mitochondria  were 
separated  from  non-mitochondrial  membranes  and  non-functional  or- 
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ganelles  and  collected  at  the  30/70%  interface  and  washed  with  0.3  m 
mannitol,  5  mM  MOPS,  pH  7.2,  containing  1  mg/ml  bovine  serum 
albumin  to  remove  the  Percoll. 

PARP  Cleavage — PARP  cleavage  assays  were  performed  as  described 
previously  (30-32). 

Quantification  ofApoptotic  Nuclei  Using  DAPI  Staining — Cells  were 
plated  on  glass  coverslips  (4  X  104  cells/18-mm2  coverslip)  the  day 
before  treatment.  The  next  day,  cells  were  treated  with  vehicle  control 
(i.e.  ethanol  or  Me2S0)  or  various  inducers.  Thereafter,  cells  were 
incubated  live  with  DAPI  (0.5  /xg/ml)  for  10  min  at  37  °C  followed  by 
washing.  The  percentage  of  cells  exhibiting  apoptotic  nuclei,  as  judged 
by  chromatin  condensation  or  nuclear  fragmentation,  was  assessed  by 
fluorescence  microscopy  (34).  An  average  of  600-700  cells  was  counted 
for  each  condition. 

DEVDase  and  LEHDase  Activity  Measurement — Cells  were  washed 
twice  in  PBS  and  the  whole  cell  lysate  was  made  in  the  lysis  buffer  (50 
mM  HEPES,  1%  Triton  X-100,  0.1%  CHAPS,  1  mM  dithiothreitol,  and 
0.1  mM  EDTA).  For  activity  measurement,  30  or  100  pg  whole  cell 
lysate,  mitochondria,  or  cytosol  was  added  to  a  reaction  mixture  con¬ 
taining  10  or  30  pM  fluorogenic  peptide  substrates,  Ac-DEVD-AFC  or 
Ac-LEHD-AFC,  50  mM  HEPES,  pH  7.4, 10%  glycerol,  0.1%  CHAPS,  100 
mM  NaCl,  1  mM  EDTA,  and  10  mM  dithiothreitol,  in  a  total  volume  of  1 
ml  and  incubated  at  37  °C  for  1  h.  Production  of  7-amino-4-trifluoro- 
methylcoumarin  (AFC)  was  monitored  in  a  spectrofluorimeter  (Hitachi 
F-2000  fluorescence  spectrophotometer)  using  excitation  wavelength 
400  nm  and  emission  wavelength  505  nm.  The  fluorescent  units  were 
converted  into  nanomoles  of  AFC  released  per  h  per  mg  of  protein  using 
a  standard  curve.  The  results  were  generally  presented  as  fold  activa¬ 
tion  over  the  control  (30).  In  some  experiments,  the  DEVDase  activity 
was  continuously  monitored  over  a  period  of  2  h. 

Cell-free  Caspase  Activation  in  the  Mitochondrial  Fractions — Mito¬ 
chondria  and  cytosol  were  prepared  from  treated  or  untreated  PC3  cells 
as  described  above.  Various  amounts  of  freshly  isolated,  unlysed  or 
lysed  (using  the  TNC  buffer)  mitochondria  were  co-incubated  with  100 
pg  of  cytosol  freshly  prepared  from  untreated  PC3  cells  for  1  h  at  37  °C. 
At  the  end,  either  10  or  30  pu  DEVD-AFC  substrate  was  added  to  the 
mixture,  which  was  further  incubated  for  1  h  at  37  °C.  Subsequently, 
the  DEVDase  activity  in  the  co-incubates  was  measured. 

Kinetic  Study  of  Caspase  Activation — Two  sets  of  PC3  cells  (107  each) 
were  simultaneously  treated  with  40  pM  BMD188  for  0,  30,  45,  60,  90, 
and  120  min.  At  the  end,  one  set  of  cells  was  harvested  for  the  prepa¬ 
ration  of  whole  cell  lysate  and  the  other  set  harvested  for  subcellular 
fractionation,  as  described  above.  Subsequently,  the  three  preparations, 
i.e.  whole  cell  lysate,  cytosol,  and  mitochondria,  all  derived  from  107 
cells,  were  used  to  measure  the  caspase  activity  by  incubating  with  10 
pu  of  the  Ac-DEVD-AFC  substrate,  as  detailed  above. 

Immunostaining  of  Caspases  and  Apaf-1 — Cells  grown  on  glass  cov¬ 
erslips  were  treated  for  various  time  intervals.  Fifteen  min  prior  to  the 
end  of  the  treatment,  cells  were  incubated  live  with  DAPI  to  label 
apoptotic  nuclei  (30).  Then  cells  were  fixed  in  4%  paraformaldehyde  for 
10  min  followed  by  permeabilization  in  1%  Triton  X-100  for  10  min. 
After  washing  in  PBS,  cells  were  first  blocked  in  10%  goat  whole  serum 
for  30  min  at  37  °C  and  then  probed  with  Apaf-1,  caspase-9,  or 
caspase-3  (all  at  1:500)  for  1  h  at  37  °C.  After  washing  in  PBS,  cells  were 
incubated  with  biotinylated  goat  anti-rat  or  anti-rabbit  IgG  antibody 
(1:1000).  Finally,  cells  were  incubated  with  streptavidin-AlexaFluor 
488  or  594  (1:500)  for  1  h  at  37  °C.  After  thorough  washing,  coverslips 
were  mounted  on  slides  using  Vectashield  mounting  medium  (Vector 
Laboratories,  Inc.,  Burlingame,  CA)  and  observed  under  an  Olympus 
BX40  epifluorescence  microscope.  Images  were  captured  with  Magna- 
Fire  software  and  processed  in  Adobe  Photoshop. 

Proteinase  K  Digestion  of  Isolated  Mitochondria — Freshly  isolated 
mitochondria  (100  pg)  were  incubated  in  the  homogenizing  buffer 
(without  protease  inhibitors)  alone  or  in  the  presence  of  proteinase-K 
(0.1  pg/ml)  only  or  proteinase  K  plus  Triton  X-100  (1%  final  concentra¬ 
tion).  After  10  min  of  incubation  on  ice,  2  pi  of  phenylmethylsulfonyl 
fluoride  (100  pM)  was  added  to  terminate  proteolysis  followed  by  addi¬ 
tion  of  6x  SDS-loading  buffer.  Samples  were  then  boiled  for  5  min  and 
analyzed  immediately  by  Western  blotting  (20). 

Alkali  Extraction  of  the  Mitochondria — The  mitochondrial  pellet  (100 
pg)  was  suspended  in  0.1  M  Na2C03,  pH  12.0,  and  incubated  bn  ice  for 
30  min.  At  the  end  of  the  incubation,  the  sample  was  centrifuged  at 
100,000  x  g  for  1  h.  The  resulting  pellet  was  then  lysed  in  the  TNC 
buffer.  Both  supernatant  and  pellet  were  then  subjected  to  Western 
blotting  (35). 

Cell-free  Caspase  Activation  and  Translocation  Experiments — All 
cell-free  reactions  were  performed  in  homogenizing  buffer  in  a  total 
volume  of  100  pi.  Freshly  isolated  cytosol  and/or  mitochondria  were 


incubated  at  37  °C  for  2  h  with  addition  of  bovine  cyt.  c  (50  pg/ml)  (36, 
37).  At  the  end,  samples  containing  co-incubated  mitochondria  were 
centrifuged  at  10,000  X  g  for  20  min  to  obtain  the  mitochondrial  pellet. 
The  resulting  pellet  was  washed  twice  and  suspended  in  homogenizing 
buffer.  For  translocation  studies,  cyt.  c-activated  cytosol  was  further 
incubated  with  untreated  mitochondria  for  1  or  3  h  at  37  °C  followed  by 
centrifugation  (10,000  X  g)  for  20  min.  Following  two  washes  in  homog¬ 
enizing  buffer,  the  mitochondrial  pellet,  together  with  the  supernatant, 
was  subjected  to  Western  blotting.  In  separate  sets  of  experiments, 
isolated  cytosol  or  mitochondria  from  BMD188  (40  pM)  treated  or  un¬ 
treated  cells  were  co-incubated  in  various  combinations  for  1  or  2  h  at 
4,  25,  and  37  °C.  After  co-incubation,  the  pelleted  mitochondria  were 
washed  twice  with  homogenizing  buffer,  and  then  equal  amounts  of 
proteins  were  separated  followed  by  Western  blotting.  To  determine 
whether  the  mitochondrially  localized  procaspases  can  ever  be  activated 
in  the  organelle,  mitochondria  were  incubated  in  the  homogenizing 
buffer  for  2  h  at  37  °C  by  addition  of  recombinant  caspase-3  (1  pM)  or 
caspase-9  (1  pM).  At  the  end  of  the  incubation,  the  mitochondria  were 
pelleted,  washed  twice  in  homogenizing  buffer,  and  resuspended  in  100 
pi  of  homogenizing  buffer.  The  supernatant  and  pellet  were  then  sub¬ 
jected  to  SDS-PAGE  and  Western  blotting  analysis. 

RESULTS 

Activated  Mitochondria  Possess  Caspase  Activity — Apoptosis 
induced  by  multiple  stimuli  is  preceded  by  a  rapid  up-regula¬ 
tion  and  accumulation  of  cyt.  c  in  the  mitochondria  (30).  Be¬ 
cause  many  procaspases  are  localized  in  the  mitochondria  (see 
Introduction),  we  reason  that  some  of  these  mitochondrially 
localized  procaspases,  in  particular  procaspase-9  and  pro- 
caspase-3,  might  become  activated  in  the  organelle  in  a  cyt. 
c-dependent  manner,  analogous  to  apoptosome-mediated  acti¬ 
vation  of  procaspase-9  and  -3  in  the  cytosol.  To  test  this  possi¬ 
bility,  we  used  BMD188,  a  cyclic  hydroxamate  that  activates 
MADAP  in  multiple  cell  types  (30-32),  to  treat  PC3  prostate 
epithelial  cancer  cells.  Following  treatment  for  various  time 
intervals,  whole  cell  lysate,  and  mitochondrial  and  cytosolic 
fractions  were  prepared  from  equal  numbers  of  cells  {i.e.  107 
cells  for  each  fraction),  and  the  DEVDase  activity,  which  meas¬ 
ures  caspase-3  and  -7  activation,  was  determined.  The  quality 
of  subcellular  fractionation  was  monitored  by  Western  blot 
analysis  of  known  compartment-specific  proteins:  cytochrome  c 
oxidase  subunit  II  for  mitochondria,  lamin  A/C  for  nuclei,  and 
lactate  dehydrogenase  for  cytosol.  We  did  not  detect  any  cross¬ 
contamination  among  different  fractions  (see  Refs.  30  and  32, 
and  data  not  shown).  Electron  microscopy  analysis  also  re¬ 
vealed  pure  mitochondria  in  our  preparations  (not  shown).  As 
shown  in  Fig.  1A,  45  min  post-BMD188  treatment  of  PC3  cells, 
about  4-  and  2-fold  DEVDase  activity  was  observed  in  the 
whole  cell  lysate  and  mitochondria,  respectively.  Only  mar¬ 
ginal  DEVDase  activity  was  detected  in  the  cytosol  by  this  time 
(Fig.  1A).  By  60-120  min,  increased  DEVDase  activity  was 
observed  in  the  cytosol,  but  the  corresponding  mitochondrial 
DEVDase  activity  was  still  higher  (Fig.  1A).  As  expected,  the 
DEVDase  activity  was  always  the  highest  in  the  whole  cell 
lysate  (Fig.  LA). 

Next,  we  further  examined  the  DEVDase  activity  in  the 
mitochondrial  fractions  using  a  cell-free  system.  Mitochondria 
and  cytosol  were  isolated  from  1.5-h  BMD188-treated  or  un¬ 
treated  PC3  cells  and  used  in  DEVDase  activity  measure¬ 
ments.  Untreated  mitochondria,  either  lysed  (with  Nonidet 
P-40)  or  unlysed,  had  negligible  caspase  activity  (Fig.  IB,  lanes 
1  and  2).  Untreated  cytosol  consistently  showed  slightly  higher 
basal  level  DEVDase  activity  (Fig.  IB,  lane  5),  which  did  not 
change  when  co-incubated  with  untreated  mitochondria  (Fig. 
IB,  lanes  6  and  7).  When  the  mitochondria  from  BMD188- 
treated  PC3  cells  were  co-incubated  with  untreated  cytosol, 
significantly  increased  DEVDase  activity  was  observed  (Fig. 
IB,  lanes  8  and  9 ;  note  that  higher  DEVDase  activities  were 
observed  in  these  experiments  than  in  Fig.  1A  because  higher 
amounts  {i.e.  100  pg)  of  protein  and  substrate  (30  pu)  were 
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Fig.  1.  Activated  mitochondria  possess  caspase  activity.  A,  mi¬ 
tochondria,  cytosol,  and  whole  cell  lysate  were  prepared  from  equal 
numbers  of  PC3  cells  {i.e.  107  cells  for  each  fraction)  treated  with 
BMD  188  (40  /xm)  for  the  indicated  time  intervals  and  used  to  measure 
DEVDase  activity  using  50  fig  of  protein  and  10  /xM  Ac-DEVD-AFC 
substrate.  The  DEVDase  activity  was  expressed  as  fold  activation  over 
the  control,  i.e.  time  0.  The  data  represent  mean  ±  S.E.  derived  from 
three  independent  experiments.  B,  cell-free  reconstitution  experiment. 
One  hundred  /xg  of  mitochondria  ( mito )  was  prepared  from  either  con¬ 
trol  or  BMD188-treated  (40  /xm;  90  min)  PC3  cells.  The  mitochondria, 
either  lysed  (using  Nonidet  P-40)  or  unlysed,  were  either  directly  uti¬ 
lized  in  the  DEVDase  measurement  {lanes  1-4)  or  first  co-incubated 
with  100  fig  of  cytosol  prepared  from  untreated  PC3  cells  {lanes  6-9)  for 
1  h  at  37  °C  before  incubation  with  30  fiM  DEVD-AFC  substrate  (1  h  at 
37  °C).  Lane  5  was  the  untreated  cytosol  alone.  Lane  10  was  caspase-3 
activity  measured  with  100  fig  of  whole  cell  lysate  from  the  same  batch 
of  PC3  cells  treated  with  BMD188.  The  data  represent  mean  ±  S.E. 
derived  from  3  experiments.  C,  effects  of  caspase  inhibitors  on  DEV¬ 
Dase  activity.  PC3  cells  were  pretreated  with  ethanol  (vehicle  control), 
Z-DEVD-fmk  (50  fiM),  or  Z-VAD-fmk  (50  fiM)  for  1  h  followed  by 
BMD188  (40  /xM;  2  h)  treatment.  Subsequently,  mitochondrial  and 
cytosolic  fractions  (50  /xg  each)  were  used  for  DEVDase  activity  assay  by 
incubating  with  10  fiM  Ac-DEVD-AFC.  The  data  represent  mean  ±  S.E. 
derived  from  five  independent  experiments. 


used).  Our  initial  interpretation  was  that  cyt.  c  released  from 
the  BMD188-activated  mitochondria  caused  caspase  activation 
in  the  cytosol.  Surprisingly,  however,  when  the  activated  mi¬ 
tochondria  were  directly  used  in  DEVDase  activity  measure- 
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Fig.  2.  Caspase  activation  in  vitro.  A,  caspase  activity  expressed 
as  the  raw  fluorescence  unit  as  a  result  of  Ac-DEVD-AFC  hydrolysis. 
One  hundred  /xg  of  cytosol  or  mitochondria  {mito)  from  untreated  {con¬ 
trol)  or  BMD  188-treated  (40  /xm;  90  min)  PC3  cells  was  incubated  with 
30  /xM  Ac-DEVD-AFC  substrate  at  37  °C  for  0  {i.e.  immediate  measure¬ 
ment  following  mixing),  30,  60,  90,  and  120  min.  The  fluorescence 
measured  at  A606  was  directly  plotted  as  a  function  of  time.  Triplicate 
samples  were  run  for  each  time  point,  and  the  data  represent  mean  ± 
S.D.  Note  that  the  mitochondrial  samples  had  lower  background  fluo¬ 
rescence  levels  {i.e.  the  values  at  time  0)  than  the  cytosolic  samples;  the 
former  was  0.4-0.9  and  the  latter  was  5-7.5.  B,  caspase  activity  ex¬ 
pressed  as  fold  activation.  The  data  obtained  in  A  were  plotted  as  fold 
activation  that  was  derived  by  dividing  the  mean  fluorescence  value  at 
each  time  point  by  the  mean  fluorescence  value  at  time  0.  Thus,  the  fold 
activation  at  time  0  was  considered  as  1.  C,  caspase  activity  expressed 
as  corrected  fluorescence,  which  was  derived  by  dividing  the  mean 
fluorescence  value  at  each  time  point  in  BMD  188-treated  mitochondria 
or  cytosol  by  the  mean  fluorescence  value  at  corresponding  time  point  in 
control  mitochondria  or  cytosol,  respectively.  Therefore,  DEVDase  ac¬ 
tivities  at  all  time  points  in  the  control  mitochondria  and  cytosol  were 
1  (not  plotted). 

ment,  in  the  absence  of  untreated  cytosol,  essentially  similar 
levels  of  increased  DEVDase  activity  were  observed  (Fig.  IB, 
compare  lanes  3  and  4  versus  lanes  8  and  9).  In  both  cases, 
Nonidet  P-40-lysed  mitochondria  gave  rise  to  higher  DEVDase 
activities  (Fig.  IB,  lane  4  versus  lane  3  and  lane  9  versus  lane 
8).  As  expected,  both  Z-DEVD-fmk,  a  caspase-3/7-specific  in¬ 
hibitor,  and  Z-VAD-fmk,  a  /xm -caspase  inhibitor,  inhibited  the 
mitochondrial  and  cytosolic  DEVDase  activity  (Fig.  1C),  just  as 
both  inhibited  the  BMD188-induced  apoptosis  (30,  32).  Collec¬ 
tively,  the  data  in  Fig.  1  suggest  that  the  BMD188-activated 
mitochondria  possess  DEVDase  activity,  which  most  likely  re- 
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Fig.  3.  Proteolytic  activation  of 
procaspase-9  and  -3  and  redistribu¬ 
tion  of  caspases  and  Apaf-1  during 
apoptosis.  Western  blot  analysis  of  the 
whole  cell  lysate,  cytosolic  and  mitochon¬ 
drial  fractions  from  PC3  (A)  or  GM701 
cells  ( B )  treated  with  BMD188,  LNCaP 
cells  subjected  to  serum  starvation  (C),  or 
GM701  cells  treated  with  staurosporine 
(STS)  ( D ).  Thirty  (cytosolic)  or  60  (mito¬ 
chondrial)  /xg  of  proteins  was  used  in 
Western  blotting  for  caspase-9,  caspase-3, 
Apaf-1,  and  actin,  as  indicated.  PARP 
cleavage  and  apoptosis  were  determined 
as  described  under  “Materials  and  Meth¬ 
ods.”  The  asterisks  on  the  left  of  A  and  B 
are  novel  or  nonspecific  bands  detected  by 
the  antibodies  against  caspase-9  or 
caspase-3.  All  data  are  representative  of 
at  least  three  independent  experiments. 
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side  in  the  IMS  as  evidenced  by  the  increased  activities  upon 
Nonidet  P-40  lysis. 

To  characterize  further  the  DEVDase  activity  associated 
with  the  BMD188-activated  mitochondria,  we  purified  mito¬ 
chondria  using  the  Percoll  gradient  and  the  corresponding  cy¬ 
tosol  from  control  or  1.5-h  BMD188-treated  PC3  cells  and  in¬ 
cubated  them  with  DEVD-AFC  substrate  in  vitro  at  37  °C  for  a 
continuous  period  ( i.e .  from  0  to  120  min).  The  caspase  activity 
was  then  plotted  as  either  raw  fluorescence,  fold  activation,  or 
corrected  fluorescence  as  a  function  of  incubation  time.  As 
shown  in  Fig.  2,  BMD188-activated  mitochondria  demon¬ 
strated  a  time-dependent  increase  in  caspase  activity.  When 
expressed  as  raw  fluorescence,  the  cytosol  samples  possessed 
higher  fluorescence  values  than  the  corresponding  mitochon¬ 
drial  samples  at  all  time  points  (Fig.  2A).  However,  cytosol 
samples  also  possessed  higher  background  (i.e.  time  0)  fluores¬ 
cence  values  (see  Fig.  2  legend).  Therefore,  when  plotted  as  fold 
activation  (Fig.  2J3)  or  corrected  fluorescence  (Fig.  20,  the 


mitochondrial  samples  demonstrated  higher  DEVDase  activi¬ 
ties  than  did  the  corresponding  cytosolic  samples. 

Similar  DEVDase  activity  was  also  detected  in  the  mitochon¬ 
drial  fractions  in  several  other  MADAP  models  (30)  including 
PC3  cells  treated  with  butyrate,  GM701  cells  treated  with 
BMD188,  LNCaP  cells  subjected  to  serum  starvation,  and 
MDA-MB-231  cells  treated  with  etoposide  (not  shown). 

Detection  of  Proteolytically  Activated  Caspase-9  and 
Caspase-3  in  the  Mitochondria  during  Apoptosis — In  principle, 
the  DEVDase  activity  in  the  activated  mitochondria  may  result 
from  either  procaspases  becoming  activated  in  the  mitochon¬ 
dria  or  activated  caspases  translocating  to  the  organelle,  or 
both.  We  explored  these  possibilities  by  focusing  on  the  activa¬ 
tion  of  procaspase-9  and  -3,  two  pivotal  caspases  in  the  apo- 
ptosome  pathway  initiated  by  cyt.  c  and  Apaf-1. 

In  PC3  cells,  significant  amounts  of  procaspase-9  and  pro- 
caspase-3  were  localized  in  the  mitochondria  (Fig.  3A).  Pro¬ 
caspase-9  (~46  kDa)  is  activated  mostly  through  auto- 
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activation  via  Apaf-l-mediated  oligomerization,  resulting  in 
proteolytic  cleavage  at  Asp315  to  generate  a  35-kDa  fragment 
(p35)  containing  the  caspase  recruitment  domain  and  the  large 
subunit  (38)  and  to  expose  the  ATPF  motif  in  the  N  terminus  of 
the  linker  region  to  interact  with  XIAP  and  Smac/Diablo  (39, 
40).  Partially  activated  caspase-9  activates  caspase-3,  which  in 
turn  can  cleave  procaspase  9  at  Asp330  to  generate  a  37-kDa 
fragment  (p37)  (containing  the  caspase  recruitment  domain, 
large  subunit,  and  the  linker  region)  and  — 10-kDa  small  sub¬ 
unit  (38-41).  In  our  experiments,  we  utilized  an  antibody  that 
recognizes  both  the  proform  and  the  p37/p35  bands  (Table  I). 
As  shown  in  Fig.  3A,  45  min  post-BMD188  treatment,  the 
mitochondrial  procaspase-9  protein  level  was  significantly  re¬ 
duced  without  the  appearance  of  the  p37/p35  bands,  suggesting 
that,  by  this  time  point,  the  majority  of  the  mitochondrial 
procaspase-9  was  probably  released  from  rather  than  activated 
in  the  organelle.  Indeed,  at  45  min,  increased  procaspase-9  was 
observed  in  both  cytosol  (Fig.  3A)  and  perinuclear  area  (see 
below).  Also,  the  LEHDase  assays  did  not  detect  caspase-9 
activity  (not  shown). 

In  the  cytosol,  caspase-9  cleavage  was  observed  at  45  min 
(Fig.  3A).  By  1  h,  the  maximum  level  of  caspase-9  cleavage 
products  was  observed  in  the  cytosol  (Fig.  3A).  In  the  mean¬ 
time,  the  p37/p35  bands  began  to  appear  in  the  mitochondria 
(Fig.  3A),  suggesting  that,  in  BMD188-treated  PC3  cells,  pro- 
caspase-9  became  activated  first  in  the  cytosol  and  then  the 
activated  caspase-9  translocated  to  the  mitochondria.  In  sup¬ 
port,  between  1  and  4  h,  decreased  amounts  of  activated 
caspase-9  were  observed  in  the  cytosol  (Fig.  3A).  At  the  same 
time,  increasing  levels  of  the  p37/p35  products  in  the  mitochon¬ 
dria  were  observed,  whereas  the  mitochondrial  procaspase-9 
bands  remained  fairly  constant  (Fig.  3A).  Interestingly,  a 
prominent  — 36-kDa  protein  band  was  detected  by  the  anti- 
caspase-9  antibody  only  in  the  mitochondria,  which  began  to 
decrease  at  1  h  and  disappeared  by  4  h  after  BMD188  treat¬ 
ment  (Fig.  3A).  Whether  this  band  represents  a  caspase-9  iso¬ 
form  (42,  43)  or  just  a  nonspecific  protein  remains  to  be 
determined. 

Procaspase-3  (—32  kDa)  is  generally  first  cleaved  by 
caspase-8,  caspase-9,  caspase-10,  or  granzyme-B  at  Asp176  to 
generate  the  pl2  small  subunit  and  the  -p24  large  subunit 
that  still  contains  the  pro-domain.  Then  the  p24-pl2  complex  is 
further  cleaved  at  Asp9,  possibly  through  its  auto-catalytic 
activity,  to  generate  p20,  which  could  be  further  cleaved  at 
Asp28  to  produce  the  pl7  fragment  (41,  44,  45).  Frequently,  a 
p31  fragment  can  also  be  detected,  resulting  from  the  pro¬ 
caspase-3  removed  of  the  first  9  amino  acids  in  the  pro-domain. 
Various  experiments  have  demonstrated  that  the  p20/pl7/pl2 
bands  represent  catalytically  active  caspase-3  (44,  45).  We  uti¬ 
lized  an  antibody  that  recognizes  both  procaspase-3  and  most 
cleavage  products  (Table  I).  In  BMD188-treated  PC3  cells,  sim¬ 
ilar  to  caspase-9,  the  mitochondrial  procaspase-3  was  signifi¬ 
cantly  reduced  at  45  min  (Fig.  3A).  Different  from  caspase-9  by 
45  min,  the  p20  and  the  pl7  caspase-3  bands  were  detected 
simultaneously  in  the  cytosol  and  mitochondria  (Fig.  3A).  By 
1  h  when  significant  amounts  of  caspase-3  activation  occurred 
in  both  cytosol  and  mitochondria  (Fig.  1  and  Fig.  3A),  PARP 
cleavage  was  observed,  and  55%  of  the  cells  became  apoptotic 
(Fig.  3A).  Caspase-3  cleavage  overall  paralleled  the  DEVDase 
activity  (Fig.  1).  Of  interest,  the  anti-caspase-3  antibody  also 
detected  an  unknown  —  19-kDa  band  in  untreated  cytosol  and 
mitochondria,  which  decreased  as  apoptosis  proceeded  (Fig. 
3A). 

To  determine  whether  appearance  of  the  activated  caspases 
in  the  mitochondrial  fraction  is  cell  type-specific,  we  treated 
GM701  fibroblasts  with  BMD188.  As  in  BMD188-treated  PC3 


cells,  the  mitochondrial  procaspase-9  and,  in  particular,  pro¬ 
caspase-3  were  decreased  by  30  min  (Fig.  35).  Whereas  the 
maximum  decrease  of  procaspase-9  was  observed  by  30  min, 
the  procaspase-3  level  continued  to  decrease  until  the  end  of 
the  treatment,  i.e .  4  h  (Fig.  SB).  Activated  forms  of  caspase-9 
and  caspase-3  were  simultaneously  detected  at  2  h  post- 
BMD188  treatment  when  PARP  was  cleaved  and  56%  cells 
were  apoptotic  (Fig.  35).  At  2  h,  the  p37/p35  caspase-9  frag¬ 
ments  were  detected  in  the  mitochondria  without  an  obvious 
decrease  in  the  intensity  of  the  mitochondrial  procaspase-9 
band  (Fig.  35),  suggesting  that,  as  in  the  BMD188-treated  PC3 
cells,  the  mitochondrial  activated  caspase-9  resulted,  most 
likely,  from  translocation  from  the  cytosol.  In  support,  4  h 
post-treatment,  most  procaspase-9  became  cleaved  in  the  cy¬ 
tosol,  but  the  p37/35  bands  actually  decreased  compared  with 
those  at  2  h  (Fig.  35).  In  the  meantime,  the  p37/p35  bands  in 
the  mitochondria  significantly  increased  without  a  correspond¬ 
ing  decrease  of  the  proform  (Fig.  35),  strongly  suggesting  that 
the  activated  caspase-9  in  the  cytosol  had  translocated  to  the 
mitochondria.  Again,  as  observed  in  PC3  cells,  caspase-3  acti¬ 
vation  was  observed  simultaneously  in  the  cytosol  and  mito¬ 
chondria  (Fig.  35).  Although  the  mitochondrial  procaspase-3 
decreased  at  30  min  and  further  decreased  at  1  h,  no  cleavage 
products  were  observed  at  these  time  points  (Fig.  35).  The 
anti-caspase-9  and  anti-caspase-3  antibodies  again  detected 
the  -36-  and  —19-kDa  bands,  respectively,  more  obviously  in 
the  mitochondrial  fractions  (Fig.  35).  Accompanying  the  cleav¬ 
ages  of  procaspase-9  and  procaspase-3,  increased  LEHDase 
(—2-fold  increase)  and  DEVDase  (up  to  8-fold  increase)  activi¬ 
ties  were  detected  in  both  cytosolic  and  mitochondrial  fractions 
(not  shown). 

In  both  PC3  epithelial  cells  and  GM701  fibroblasts  treated 
with  BMD188,  we  observed  an  early  decrease  of  procaspase-9 
and/or  -3  in  the  mitochondria  without  concomitant  cleavage 
(Fig.  3,  A  and  5),  suggesting  that  the  mitochondrial  pro- 
caspases  may  have  been  released  from  the  organelle  into  the 
cytosol  or  other  subcellular  compartments,  as  observed  in  other 
apoptosis  models  (17—19,  21,  22).  We  carried  out  an  immuno¬ 
fluorescence  experiment  in  GM701  (Fig.  4)  and  PC3  (not 
shown)  cells  to  explore  this  possibility.  Procaspase-9  and  -3 
were  homogeneously  distributed  in  GM701  cells  (Fig.  4,  A  and 
E\  note  that  the  mitochondrial  localization  of  these  procaspases 
was  not  very  obvious  due  to  their  overwhelming  expression  in 
the  cytosol).  By  30  min  (not  shown)  or  1  h  (Fig.  4,  5  and  F) 
post-BMD188  treatment,  there  was  a  prominent  increase  of 
both  caspase-9  and  caspase-3  staining  in  the  nuclear  area  in 
most  of  the  cells.  Since  by  30  min  to  1  h  there  was  no  caspase-9 
or  caspase-3  activation  in  BMD188-treated  GM701  cells  re¬ 
vealed  either  by  Western  blotting  (Fig.  35)  or  by  activity  assays 
(Ref.  30;  data  not  shown),  the  increased  staining  in  the  nuclear 
area  therefore  most  likely  resulted  from  the  procaspase,  rather 
than  the  active  caspase,  translocation  from  the  mitochondria. 
Another  piece  of  supporting  evidence  for  this  conclusion  was 
that  all  cells  that  showed  perinuclear  staining  of  caspases  were 
healthy  and  alive  (Fig.  4,  A-H),  and  only  —10%  of  the  cells  were 
apoptotic  at  this  time  frame  (Fig.  35)  (30),  thus  suggesting  that 
the  caspases  had  not  been  activated.  The  increased  perinuclear 
staining  of  procaspases-9  or  -3  generally  was  slightly  larger 
than  the  DAPI  staining  (e.g.  compare  Fig.  4, 5  and  F  versus  D 
and  H ),  suggesting  that  the  translocated  procaspases  were 
perhaps  clustered  outside  the  organelle. 

To  determine  whether  inducers  other  than  BMD188  also  can 
induce  association  of  activated  caspase-9  and  -3  with  the  mito¬ 
chondria,  we  subjected  LNCaP  cells  to  serum  starvation,  a 
MADAP  model  involving  an  early  mitochondrial  activation 
(30).  As  shown  in  Fig.  3C,  activated  caspase-9  and  -3  were 
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Fig.  4.  BMD188-indueed  translocation  of  procaspase-9,  pro- 
caspase-3,  and  Apaf-1  to  the  perinuclear  area.  GM701  cells  treated 
with  BMD188  (40  /am;  1  h)  were  processed  for  immunolabeling  of 
caspase-9  (A-D),  caspase-3  (E-H),  or  Apaf-1  (7-L).  Nuclei  were  counter- 
stained  with  DAPI.  Microphotographs  shown  are  representative  of 
three  independent  experiments.  Bar ,  10  /xm. 

detected  in  the  cytosol  as  well  as  in  the  mitochondria  on  day  6, 
when  PARP  was  cleaved  and  55%  of  the  cells  were  apoptotic.  In 
LNCaP  cells  there  was  only  low  levels  of  procaspase-9  in  the 
mitochondria  (Fig.  SC).  When  cytosolic  procaspase-9  was 
cleaved  on  day  6,  the  p35  band  was  preferentially  observed  in 
the  mitochondria,  whereas  the  p37  band  was  most  prominent 
in  the  cytosol  (Fig.  SC).  On  day  8  when  most  cytosolic  pro¬ 
caspase-9  was  processed,  essentially  no  p37/p35  bands  were 
detected  in  the  cytosol,  whereas  increased  levels  of  both  bands 
were  seen  in  the  mitochondria  (Fig.  3C).  These  results  once 
again  suggest  that  the  mitochondrial  active  caspase-9  most 
likely  results  from  the  translocation  of  the  proteolytically  acti¬ 
vated  caspase-9  in  the  cytosol.  There  was  a  slight  decrease  in 
the  mitochondrial  procaspase-9  in  LNCaP  cells  starved  for  8 
days  (Fig.  30,  raising  the  possibility  that  during  late  apoptosis 
the  mitochondrial  procaspase-9  might  be  activated  in  situ.  Dif¬ 
ferent  from  procaspase-9,  LNCaP  cells  expressed  abundant 
procaspase-3  in  the  mitochondria,  which  showed  a  time-de¬ 
pendent  decrease,  similar  to  cytosolic  procaspase-3  (Fig.  3C). 


By  day  6  when  PARP  was  cleaved,  decreased  procaspase-3  and 
increased  active  pl7  fragments  were  observed  in  both  cytosol 
and  mitochondria  (Fig.  3C).  By  day  8  when  most  PARP  was 
degraded,  a  further  decrease  of  procaspase-3  and  increase  in 
the  p20/pl7  fragments  were  observed  in  both  compartments. 
However,  the  increase  of  the  pl7  active  caspase-3  in  the  mito¬ 
chondria  was  much  more  prominent  than  that  in  the  cytosol 
(Fig.  30. 

Similarly,  in  MDA-MB-231  breast  cancer  cells  treated  with 
etoposide,  yet  another  MADAP  model  (30),  we  also  observed 
activated  caspase-9  and  caspase-3  in  the  mitochondria  (not 
shown). 

To  determine  whether  only  MADAP  inducers  could  cause 
association  of  active  caspases  with  the  mitochondria,  we 
treated  GM701  cells  with  staurosporine,  which  causes  cell 
death  independently  of  MRC  functions  and  without  mitochon¬ 
drial  activation  (30,  32).  As  shown  in  Fig.  3D,  although  there 
was  no  early  exodus  of  mitochondrially  localized  procaspase-9 
or  -3,  activated  forms  of  both  caspases  were  detected  in  the 
mitochondria,  simultaneously  with  their  activation  in  the  cy¬ 
tosol,  PARP  cleavage,  and  increased  apoptosis. 

The  conclusions  from  the  above  experiments  are  as  follows. 
1)  The  presence  of  the  activated  caspase-9  and  -3  seems  to  be  a 
general  phenomenon  during  apoptosis.  2)  The  mitochondrial 
caspase-9  activation  generally  appears  either  after  the  cytoso¬ 
lic  caspase-9  activation  (Fig.  3A)  or  concomitant  with  the  cyto¬ 
solic  caspase-9  activation.  In  the  latter  case,  the  first  appear¬ 
ance  of  the  activated  caspase-9  in  the  mitochondria  is  rarely 
accompanied  by  a  decrease  in  the  corresponding  proform, 
whereas  the  first  appearance  of  the  activated  caspase-9  in  the 
cytosol  is  always  accompanied  by  a  decrease  in  procaspase-9 
(Fig.  3,  B-D).  Late  in  apoptosis,  however,  the  increased  active 
caspase-9  levels  in  the  mitochondria  may  (Fig.  3,  C  and  D,  the 
last  lanes)  or  may  not  (Fig.  3,  A  and  B,  the  last  lanes)  be 
accompanied  by  a  decrease  in  the  mitochondrial  procaspase-9. 
These  results  suggest  that  the  mitochondrial  active  caspase-9 
may  initially  come  from  translocation  from  the  cytosol  but,  late 
during  apoptosis,  the  increased  activated  caspase-9  in  the  mi¬ 
tochondria  may  result  from  translocation  and/or  caspase-medi- 
ated  activation  in  the  organelle.  3)  Activated  caspase-3  is  al¬ 
ways  detected  simultaneously  in  the  mitochondria  and  cytosol 
concomitant  with  the  caspase-9  activation  in  the  cytosol  (Fig.  3, 
A-D),  raising  a  similar  possibility  that  the  activated  caspase-3 
in  the  mitochondria  may  result  from  translocation  and/or 
caspase-mediated  activation  in  the  organelle. 

Apaf-1  Localizes  Exclusively  in  the  Cytosol  and  Translocates 
to  the  Perinuclear  Area  during  Apoptosis — The  second  point 
mentioned  above  suggests  that  the  initiator  caspase,  caspase-9, 
may  not  be  activated  in  the  organelle  in  a  cyt.  c/Apaf-l-depend- 
ent  manner.  Theoretically,  if  procaspase-9  were  activated  in¬ 
side  the  mitochondria  in  an  apoptosome-dependent  manner, 
Apaf-1  should  be  expressed  in  the  mitochondria.  Western  blot 
analysis  indicated  that,  in  all  cells  studied,  Apaf-1  was  ex¬ 
pressed  exclusively  in  the  cytosol  (Fig.  3  and  data  not  shown), 
consistent  with  an  earlier  report  (46).  Upon  apoptosis  induc¬ 
tion,  Apaf-1  showed  a  rapid  and  time-dependent  decrease  (Fig. 
3,  A-D).  Immunofluorescent  labeling  revealed  that  Apaf-1, 
much  like  the  mitochondrial  procaspase-9  and  -3  (Fig.  4,  A-H ), 
translocated  to  the  perinuclear  area  in  GM701  (Fig.  4, 1-L)  or 
PC3  (not  shown)  cells  treated  with  BMD188  or  in  serum- 
starved  LNCaP  cells  (not  shown).  In  multiple  Western  and 
immunolabeling  experiments,  we  failed  to  observe  transloca¬ 
tion  of  Apaf-1  to  the  mitochondria  upon  apoptosis  induction 
(Fig.  3  and  4;  data  not  shown).  These  observations  suggest  that 
procaspase-9  is  unlikely  to  be  activated  in  the  mitochondria  in 
a  cyt.  c/Apaf-l-dependent  manner. 
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Fig.  5.  Active  caspase-9  and  caspase-3  are  localized  in  the  IMS 
of  the  mitochondria.  A,  mitochondria  prepared  from  GM701  cells 
either  untreated  {lanes  1-3 )  or  treated  with  BMD188  (40  /x m;  2  h;  lanes 
4-6)  were  subjected  to  proteinase  K  {Pro-K)  digestion  in  the  presence  or 
absence  of  Triton  X-100  as  described  under  “Materials  and  Methods” 
CTL,  control.  At  the  end  of  digestion,  samples  were  resolved  by  SDS- 
PAGE  and  immunoblotted  for  caspase-9,  caspase-3,  and  VDAC.  The 
dot-circled  bands  represent  a  degraded  product  of  caspase-3  by  protein¬ 
ase  K;  and  the  asterisk  indicates  the  unknown  pl9  band.  B,  mitochon¬ 
dria  from  control  (i lanes  1  and  2)  and  BMD188-treated  {lanes  3  and  4) 
GM701  cells  were  subjected  to  alkali  extraction  as  described  under 
“Materials  and  Methods.”  At  the  end  of  treatment,  the  supernatant  (S) 
and  pellet  (P)  were  collected  by  centrifugation  and  used  in  Western 
blotting  for  caspase-9  and  -3,  Hsp60,  and  VDAC.  All  data  are  repre¬ 
sentative  of  2-3  independent  experiments. 


Active  Caspases  Are  Located  in  the  IMS  of  the  Mitochondria — 
Next,  we  utilized  the  mitochondria  from  the  BMD188-treated 
(3  h)  or  untreated  GM701  cells  to  determine  where  the  active 
caspases  were  located  in  the  mitochondria,  i.e.  on  the  outer 
mitochondrial  membrane  (OMM)  or  in  the  IMS.  When  control 
mitochondria  were  treated  with  proteinase  K  alone,  the  pro- 
caspase-9  and  procaspase-3  bands  were  detected  (Fig.  5A,  lanes 
1  and  2).  When  the  mitochondria  were  treated  with  proteinase 
K  in  the  presence  of  Triton  X-100  (to  solubilize  the  organelle), 
procaspase-9  was  completely  degraded,  whereas  procaspase-3 
was  degraded  into  two  specific  fragments  (Fig.  5A,  lane  3). 
These  results  were  consistent  with  these  procaspases  being 
located  in  the  IMS  (17-19,  21,  22).  Likewise,  when  the 
BMD188-activated  mitochondria  were  treated  with  proteinase 
K  alone,  the  active  caspase-9  (p37/p35)  or  caspase-3  (pl7) 
bands  were  not  significantly  affected  (Fig.  5 A,  lane  5).  When 
these  mitochondria  were  treated  with  proteinase  K  together 
with  Triton  X-100,  both  the  pro-  and  active  forms  were  de¬ 
graded  (Fig.  5A,  lane  6 ;  note  that  the  bands  marked  by  the 
dotted  circles  were  a  proteinase  K  degradation  product  rather 
than  pl7).  These  results  suggest  that  the  active  caspase-9  and 
-3  were  also  present  in  the  IMS.  As  an  experimental  control, 
voltage-dependent  anion  channel  or  VDAC,  a  protein  mostly 
localized  in  the  OMM  with  a  small  part  of  the  molecule  pro¬ 
truding  to  the  cytosol  (47, 48),  was  not  digested  by  proteinase  K 
treatment  alone  (Fig.  5A,  lane  2)  but  mostly  degraded  after 
solubilization  with  Triton  X-100  (Fig.  5A,  lanes  3  and  6).  Note 
that  proteinase  K  treatment  alone  appeared  to  have  partially 
digested  both  caspase-9  and  caspase-3  as  well  as  VDAC  in  the 
BMD188-treated  mitochondria  (Fig.  5A;  compare  lanes  5  versus 


lanes  4),  which  was  consistent  with  the  observations  that  the 
3-h  BMD188-activated  mitochondria  had  significant  mitochon¬ 
drial  membrane  permeabilization  or  MMP  (30)  thus  allowing 
partial  access  of  proteinase  K  to  the  IMS. 

In  another  set  of  experiments,  we  utilized  a  different  strat¬ 
egy  to  confirm  the  IMS  localization  of  the  activated  caspase-9 
and  caspase-3  in  the  mitochondria.  Specifically,  we  adopted  an 
alkali  extraction  protocol  to  strip  the  proteins  localized  either 
peripheral  or  integral  to  the  OMM,  depending  on  the  harshness 
of  the  extraction  conditions.  As  shown  in  Fig.  5 B,  under  our 
experimental  conditions,  VDAC,  an  OMM  protein,  was  ex¬ 
tracted  from  the  mitochondria  but  Hsp60,  a  mitochondrial  ma¬ 
trix  protein,  was  not.  Under  the  same  conditions,  both  pro-  and 
the  activated  forms  of  caspase-9  and  caspase-3  remained  in  the 
mitochondrial  pellet  (Fig.  5B),  thus  confirming  that  the  acti¬ 
vated  caspases  were  localized  in  the  IMS.  Note  that  in  both 
experiments  BMD188  treatment  resulted  in  an  up-regulation 
of  VDAC  (Fig.  5A,  lane  4  versus  lane  1;  Fig.  52?,  lane  3  versus 
lane  2),  consistent  with  our  previous  observations  that  MADAP 
inducers  such  as  BMD188  systematically  up-regulate  MRC 
proteins  as  well  as  mitochondrially  localized  non-MRC  proteins 
(3°). 

Association  of  Active  Caspases  with  the  Mitochondria  Is  In¬ 
hibited  by  CsA — In  the  following  experiments,  we  addressed 
how  the  activated  caspase-9  and  -3  might  end  up  in  the  IMS  of 
the  mitochondria.  First,  we  utilized  the  BMD1 88-treat ed  PC3 
cells  to  assess  the  relationship  between  mitochondrial  protein 
release,  caspase  activation,  and  caspase  association  with  the 
mitochondria.  Western  blotting  using  a  monoclonal  anti-cyt.  c 
antibody  that  specifically  recognizes  holo-cyt.  c  (30)  revealed 
significant  release  of  holo-cyt.  c  from  the  mitochondria  as  early 
as  5  min  post-treatment  (Fig.  6).  By  15  min  cyt.  c  release 
reached  the  peak  level  (Fig.  6).  By  2  h,  cyt.  c  accumulation  in 
the  cytosol  decreased  (Fig.  6)  probably  due  to  extensive  cell 
death  by  this  time  (Fig.  3A)  leading  to  cyt.  c  leak  into  the 
culture  medium  (30,  49).  Note  that  this  antibody  somehow  did 
not  react  well  with  the  holo-cyt.  c  in  the  mitochondrial  fraction 
in  certain  cell  types  (Fig.  6  and  data  not  shown).  Surprisingly, 
the  60-kDa  mitochondrial  matrix  protein  Hsp60  was  also  rap¬ 
idly  released;  the  release  was  observed  as  early  as  5  min  and 
peaked  at  ~30  min  (Fig.  6).  The  release  of  both  cyt.  c  and  Hsp60 
occurred  before  the  activated  caspase-9  and  -3  appeared  in  the 
mitochondria  at  ~1  h  (Fig.  6).  The  release  of  both  cyt.  c  and 
Hsp60  was  inhibited  {i.e.  delayed)  by  CsA,  an  inhibitor  of  MMP 
(48),  but  not  by  Z-VAD,  a  general  caspase  inhibitor  (Fig.  6). 
Interestingly,  CsA  also  appeared  to  decrease  the  levels  of  active 
caspase-9  and  caspase-3  specifically  in  the  mitochondria,  espe¬ 
cially  at  1  h  post-treatment  (Fig.  6).  By  contrast,  Z-VAD  inhib¬ 
ited  activation  of  caspase-9  and,  more  prominently,  of 
caspase-3,  leading  to  significantly  reduced  levels  in  both  cytosol 
and  mitochondria  (Fig.  6).  Together,  these  results  suggest  that 
1)  perturbation  of  the  mitochondrial  integrity,  as  evidenced  by 
cyt.  c  and  Hsp60  release,  occurs  prior  to  caspase  activation  and 
their  association  with  the  mitochondria;  2)  a  CsA-inhibitable 
mechanism(s)  is  involved  in  the  initial  mitochondrial  protein 
release;  and  3)  a  similar  CsA-inhibitable  mechanism(s)  might 
also  be  involved  in  the  later  association  of  the  activated 
caspases  in  the  mitochondria. 

Mitochondrially  Localized  Active  Caspases  Result  Mostly 
from  Translocation  and  Partly  from  in  Situ  Activation — Next, 
we  performed  several  sets  of  cell-free  experiments  to  further 
address  how  the  active  caspases  in  the  mitochondria  may  have 
originated.  In  the  first  set  (Fig.  7,  A  and  B,  lanes  2-4),  mito¬ 
chondria  or  cytosol  prepared  from  untreated  GM701  cells  were 
activated  with  cyt.  c.  As  shown  in  Fig.  7A  {lane  4),  cyt.  c  caused 
complete  proteolysis  of  procasapse-9  in  the  cytosol  generating 


PI:  Chandra,  Dhyan  (DAMD17-02-1-0083) 


17416 


Active  Caspases  Associated  with  Mitochondria 


FC3/BMD IH8  (40  pM) 

i — - -  - - 


Fig.  6.  CsA  inhibits  both  initial  mi¬ 
tochondrial  protein  release  and  later 
caspase  association  with  the  mito¬ 
chondria.  PC3  cells  were  pretreated 
with  vehicle  ( control ),  CsA  (10  fiu),  or  Z- 
VAD-fmk  (50  pM)  for  1  h  followed  by 
BMD188  (40  fiu)  treatment  in  the  pres¬ 
ence  of  these  inhibitors  for  the  times  in¬ 
dicated.  At  the  end  of  the  treatment,  cells 
were  harvested  for  subcellular  fraction¬ 
ation.  Twenty  five  fig  of  cytosolic  or  mito¬ 
chondrial  proteins  were  used  in  Western 
blotting  of  holo-cyt.  c,  Hsp60,  caspase-9, 
or  caspase-3.  The  asterisks  on  the  left  in¬ 
dicate  unknown  caspase-9  or  -3  bands. 
Data  are  representative  of  2-3  independ¬ 
ent  experiments. 
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Fig.  7.  Cell-free  activation  and  translocation  of  caspase-9  and 
caspase-3.  Mitochondria  and  cytosol  were  prepared  from  untreated 
GM701  cells.  Caspase  activation  and  translocation  to  mitochondria 
were  assessed  by  Western  blotting.  A  and  B ,  cell-free  activation  of 
caspase-9  (A)  or  caspase-3  ( B )  initiated  by  cyt.  c.  Freshly  prepared 
mitochondria  (25  fig)  or  cytosol  (40  fig)  was  individually  incubated  with 
none  or  bovine  heart  cyt.  c  at  37  °C  for  2  h  C lanes  1-4).  In  a  parallel 
experiment,  cytosol  ( Cyto )  and  mitochondria  ( Mito )  were  co-incubated 
with  none  or  cyt.  c  ( lanes  5-8).  At  the  end  of  the  incubation,  mitochon¬ 
dria  were  pelleted,  and  cytosolic  and  mitochondrial  samples  were  sep¬ 
arated  and  probed  for  caspase-9  (A)  or  caspase-3  (B)  ( lanes  5-8).  C  and 
D,  time  course  of  caspase  activation  and  translocation.  Cyt.  c-activated 
(lanes  4-8)  (2  h  at  37  °C)  cytosol  (40  fig)  was  co-incubated  with  fresh 
mitochondria  (40  fig)  at  37  °C  for  1  or  3  h.  After  incubation,  mitochon¬ 
drial  pellet  ( P )  and  supernatant  (S)  were  subjected  to  Western  blotting 
for  caspase-9  (C)  or  caspase-3  (D).  As  controls,  unactivated  cytosol  ( lane 
1),  and  the  supernatant  and  the  pellet  obtained  from  co-incubated 
unactivated  cytosol  and  unactivated  mitochondria  ( lanes  2  and  3 ,  re¬ 
spectively),  were  also  run  on  the  gel.  Data  are  representative  of  at  least 
3  independent  experiments. 


prominent  p37/p35  bands.  Similarly,  stimulation  of  the  cytosol 
with  cyt.  c  activated  caspase-3  to  generate  the  p24/p20/pl7 
bands  (Fig.  7B,  lane  4).  In  contrast  to  cytosolic  procaspases, 
neither  the  mitochondrial  procaspase-9  nor  the  mitochondrial 
procaspase-3  was  proteolytically  activated  by  cyt.  c  (Fig.  7,  A 
and  B}  lanes  2),  confirming  that  there  is  no  Apaf-1  in  the 
mitochondria. 

In  the  second  set  of  cell-free  experiments  (Fig.  7,  A  and  B, 
lanes  5-8),  we  first  combined  the  cytosol  and  the  mitochondria 
(i.e.  Cyto  4-  Mito )  and  then  activated  the  mixture  with  cyt.  c.  At 
the  end,  the  mitochondrial  pellets  were  separated  from  the 
cytosol,  and  caspase  activation  was  assessed  by  Western  blot¬ 
ting.  As  shown  in  Fig.  7,  A  and  B  (lanes  5  and  6),  simple 
co-incubation  of  the  cytosol  with  the  mitochondria  did  not  re¬ 
sult  in  procaspase-9  or  procaspase-3  activation.  However,  stim¬ 
ulation  with  cyt.  c  resulted  in  complete  procaspase-9  activation 
(Fig.  7A,  lane  7),  just  as  stimulating  cytosol  alone  with  cyt.  c. 
Significantly,  nearly  equal  amounts  of  the  cleaved  p37/p35 
bands  were  now  detected  in  the  mitochondrial  pellet  (Fig.  7 A, 
lane  8 ),  and  both  the  cytosolic  and  the  mitochondrial  p37/p35 
bands  were  roughly  half  those  when  cytosol  alone  was  acti¬ 
vated  with  cytochrome  c  (Fig.  7A,  compare  lanes  7  and  8  versus 
lane  4).  These  results  suggest  that  ~50%  of  the  cyt.  c-activated 
caspase-9  in  the  cytosol  translocated  to  the  mitochondria.  Like¬ 
wise,  cyt.  c  alone  activated  procaspase-3  in  the  cytosol  and  the 
mitochondria  to  generate  the  p24  and  p20  bands  and  a  small 
amount  of  pl7  (Fig.  7B,  lane  7).  Surprisingly,  only  the  active 
p20  fragment  translocated  to  the  mitochondria  (Fig.  7B, 
lane  8). 

Next,  we  ran  a  time  course  experiment  in  which  we  first 
made  cyt.  c-activated  cytosol  and  then  co-incubated  it  with  the 
untreated  mitochondria  for  1  or  3  h.  As  shown  in  Fig.  1C  (lanes 
1-3),  no  caspase-9  or  caspase-3  activation  was  observed  in 
unactivated  cytosol  or  unactivated  cytosol  +  mitochondria  mix. 
However,  the  cytosolic  procaspase-9  was  again  completely  ac¬ 
tivated  by  cyt.  c  (Fig.  7C,  lane  4).  Co-incubation  of  the  cyt. 
c-activated  cytosol  with  the  untreated  mitochondria  for  1  h  led 
~50%  of  the  p37/p35  bands  to  translocate  to  the  mitochondria 
(Fig.  7C,  lanes  4-6).  Co-incubation  for  3  h  rendered  all  of  the 
p37  band  and  most  of  the  p35  band  to  translocate  to  the 
mitochondria  (Fig.  7C,  lanes  7  and  8  versus  lanes  5  and  6).  In 
the  meantime,  there  was  a  decrease  in  the  mitochondrial  pro- 
caspase-9  band  (Fig.  7C,  compare  lane  8  versus  lane  6),  sug¬ 
gesting  that  procaspase-9  may  also  have  been  activated  in  the 
mitochondria.  Similarly,  co-incubation  of  the  cyt.  c-activated 
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Fig.  8.  Activation  of  the  mitochondrial  procaspases  in  the  or¬ 
ganelle.  A,  cell-free  recombination  experiments  to  show  that  the  active 
caspases  in  the  BMD188-actived  cytosols  may  activate  the  mitochon- 
drially  localized  procaspases.  Cytosol  (cyto)  and  mitochondria  ( mito ) 
were  isolated  from  control  or  BMD188-treated  GM701  cells.  Control  or 
treated  cytosol  (30  pg)  was  then  co-incubated  with  control  mitochondria 
(40  pg)  for  1  h  at  37  °C.  At  the  end  of  incubation,  cytosol  ( S )  and 
mitochondria  (P)  were  separated  by  centrifugation  followed  by  Western 
blotting  for  caspase-9,  and  -3.  The  asterisk  indicates  the  unknown  pl9 
band.  B,  recombinant  active  caspase-3  can  activate  the  mitochondrially 
localized  procaspase-9  and  procaspase-3.  Cytosol  (40  pg;  lane  1)  and 
mitochondria  (30  pg;  lane  2 ),  freshly  prepared  from  untreated  GM701 
cells,  were  incubated  with  recombinant  active  caspase-3  ( lanes  4-6, 
respectively).  S  and  P  refer  to  the  supernatant  and  mitochondrial  pellet, 
respectively,  at  the  end  of  the  incubation.  As  a  control,  an  aliquot  (5  ng) 
of  the  recombinant  caspase-3  was  also  run  on  the  same  gel  (lane  3). 
Data  are  representative  of  3  independent  experiments. 


cytosol  with  the  mitochondria  for  1  h  resulted  in  specific  trans¬ 
location  of  the  p20  active  caspase-3  band  to  the  mitochondria 
with  a  concomitant  decrease  in  the  cytosolic  p20  (Fig.  ID,  lanes 
4-6).  There  was  also  a  decrease  in  the  mitochondrial  pro¬ 
caspase-3  (Fig.  ID,  compare  lane  6  versus  lane  3).  Co-incuba¬ 
tion  for  3  h  resulted  in  the  accumulation  of  more  p20  band  as 
well  as  the  pl7  and  p24  bands  in  the  mitochondria  (Fig.  7C, 
lanes  7  and  8  versus  lanes  5  and  6),  without  a  further  decrease 
in  the  mitochondrial  procaspase-3  (Fig.  ID,  lane  8  versus 
lane  6). 

Mitochondrial  Procaspases  Can  Be  Activated  in  the  Or¬ 
ganelle — The  above  cell-free  reconstitution  experiments  have 
established  that  the  mitochondrial  active  caspase-9  and  -3  re¬ 
sult  mostly  from  translocation.  Some  evidence  suggests  that 
the  mitochondrial  procaspases  may  also  become  activated  by 
translocated  active  caspases  (see  above).  Therefore,  we  per¬ 
formed  several  additional  cell-free  experiments  to  address  fur¬ 
ther  this  possibility.  First,  we  performed  a  cell-free  recombina¬ 
tion  experiment  in  which  the  freshly  isolated  mitochondria 
were  co-incubated  with  either  untreated  or  BMD188-treated 
GM701  cell  cytosol  and  then  separated  the  mitochondrial  pellet 
from  the  cytosol.  The  rationale  is  that  the  BMD188-activated 
caspases  in  the  cytosol  may  directly  activate  the  mitochondri¬ 
ally  localized  procaspases,  or  translocate  to  the  mitochondria, 
or  both.  As  shown  in  Fig.  8A,  the  BMD188-treated  cytosol  had 
active  caspase-9  (p37/p35)  and  caspase-3  (p20/pl7)  (lane  5), 
whereas  the  control  cytosol  had  neither  (lane  3).  Correspond¬ 
ingly,  the  control  cytosol  had  more  procaspases  than  the 
BMD188-activated  cytosol  (Fig.  8A,  compare  lane  3  versus  lane 


5).  After  co-incubation  for  1  h,  nearly  identical  amounts  of  both 
procaspase-9  or  -3  and  their  activated  forms  were  recovered 
from  the  supernatant  (Fig.  8A,  compare  lane  6  versus  5).  Nev¬ 
ertheless,  activated  forms  of  both  caspase-9  and  caspase-3  were 
identified  in  the  mitochondrial  pellets  concomitant  with  a  de¬ 
crease  in  the  corresponding  procaspases  in  the  mitochondria 
(Fig.  8A,  compare  lane  2  versus  lane  1).  When  the  co-incubation 
was  extended  to  2  h,  a  further  decrease  in  the  mitochondrial 
procaspases  was  observed  (not  shown).  These  results  suggest 
that,  in  this  cell-free  system,  small  amounts  of  the  activated 
caspases  in  the  cytosol  may  have  permeabilized  the  OMM  (48, 
49),  gained  access  to  and  subsequently  activated  the  mitochon¬ 
drially  localized  procaspase-9  and  -3  in  the  organelle. 

To  explore  further  this  possibility,  we  directly  incubated  the 
intact  mitochondria  with  recombinant  active  caspase-3  to  see 
whether  the  mitochondrially  localized  procaspase-9  or  -3  can 
ever  be  activated  in  the  organelle.  As  shown  in  Fig.  8 B,  unac¬ 
tivated  cytosol  (lane  1)  and  mitochondria  (lane  2)  showed  only 
procaspase-9  and  procaspase-3  bands.  The  recombinant 
caspase-3  showed  p20,  pl7,  and  p!2  bands  (Fig.  8 B,  lane  3). 
Co-incubation  of  the  cytosol  with  active  caspase-3  generated,  as 
expected,  the  p37  active  caspase-9,  resulting  from  procaspase  9 
cleavage  at  Asp330  by  caspase-3  (40).  Similarly,  co-incubation  of 
the  mitochondria  with  active  caspase-3  also  generated  the  p37 
active  caspase-9  concomitant  with  a  decrease  of  procaspase-9, 
both  of  which  were  detected  exclusively  in  the  mitochondrial 
pellet  (Fig.  8 B,  compare  lane  6  with  lane  2).  These  results 
suggest  that  exogenously  added  active  caspase-3  entered  the 
mitochondria  and  activated  the  procaspase-9  in  the  organelle. 
Surprisingly,  co-incubation  of  the  cytosol  with  active  caspase-3 
did  not  lead  to  obvious  caspase-3  activation  in  the  cytosol  (Fig. 
8 B,  compare  lane  4  with  lane  3).  When  the  mitochondria  were 
incubated  with  the  active  caspase-3,  most  pl2  was  recovered 
from  the  mitochondrial  pellet  (Fig.  8£,  lane  6  versus  3),  and 
little  pl7  was  recovered  from  the  supernatant  (Fig.  SB,  lane  5 
versus  lane  3),  whereas  slightly  more  p20  was  recovered  from 
the  supernatant  (Fig.  SB,  lane  5  versus  lane  3),  suggesting  that 
most  of  the  exogenously  supplied  pl7/pl2  (but  not  p20) 
caspase-3  translocated  to  the  mitochondria.  However,  there 
was  a  prominent  increase  in  the  level  of  pl7  in  the  mitochon¬ 
drial  pellet  concomitant  with  decreased  procaspase-3  as  well  as 
p20  (Fig.  SB,  lane  6  versus  lanes  2  and  3).  Since  the  pl7 
fragment  comes  mainly  from  caspase-3-mediated  autocatalysis 
(44,  45),  these  results,  together,  suggest  the  following:  1)  the 
pi 7/12  caspase-3  enters  the  mitochondria  to  activate  the  pro¬ 
caspase-9  and  -3  in  the  organelle,  and  2)  the  activated  mito¬ 
chondrial  caspase-9  (i.e.  the  p37)  may  further  activate  the 
mitochondrial  procaspase-3,  which  autocleaves  more  pro- 
caspase-3  to  generate  more  pl7. 

DISCUSSION 

The  current  study  focuses  on  the  mitochondria-associated 
active  caspase-9  and  caspase-3.  The  multifaceted  results  allow 
us  to  present  a  model  (Fig.  9)  to  explain  their  location,  origin, 
relationship  with  the  cytosolic  counterparts,  and  potential  bi¬ 
ological  functions.  In  response  to  apoptotic  stimulation,  several 
mitochondrial  proteins  such  as  the  IMS  protein  cyt.  c  and  the 
matrix  protein  Hsp60  are  released,  involving  CsA-sensitive 
MMP.  In  certain  apoptotic  systems,  the  mitochondrial  pro¬ 
caspases  are  similarly  released  into  the  cytosol,  some  of  which 
translocate  to  the  perinuclear  area.  In  a  similar  fashion, 
Apaf-1,  which  is  located  exclusively  in  the  cytosol,  also  trans¬ 
locates  to  the  perinuclear  region  (Fig.  9).  The  released  cyt.  c 
triggers  apoptosome  formation  in  the  cytosol  leading  to 
caspase-9  and,  subsequently,  caspase-3  activation.  The  acti¬ 
vated  caspase-9  and  -3  rapidly  translocate  back  to  the  mito¬ 
chondria  where  they  may  further  activate  residual  or  other 
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Fig.  9.  A  hypothetical  model  illustrating  the  dynamic  movements  of  various  apoptosis-related  molecules  in  different  subcellular 
compartments  during  apoptosis.  Casp.,  caspase.  See  text  for  detailed  discussion. 


resident  procaspases  in  the  organelle,  degrade  mitochondrial 
proteins,  disintegrate  mitochondria,  and  help  drive  the  apo- 
ptotic  process  to  completion. 

Active  Caspases  in  the  Mitochondria:  Unlikely  Involvement  of 
Apaf-1  in  the  Activation  of  Procaspase-9  in  the  Organelle — A 
multitude  of  studies  have  demonstrated  the  presence  of  pro- 
and  activated  caspases  in  the  mitochondria  (14,  17-19,  21,  27, 
28,  50),  although  this  phenomenon  has  been  challenged  re¬ 
cently  (51).  The  reason  for  this  discrepancy  remains  unclear, 
but  the  negative  results  may  likely  result  from  cell  type-specific 
variations,  different  antibodies  used,  insufficient  protein  load¬ 
ing,  and  utilization  of  digitonin-permeabilized  mitochondria 
(51).  Our  well  controlled  experiments  using  mitochondria  pre¬ 
pared  by  either  Percoll  gradient  purification  (Fig.  2)  or  differ¬ 
ential  centrifugation  (the  rest)  demonstrate  the  presence  of 
procaspases  in  unstimulated  mitochondria  and,  more  impor¬ 
tantly,  of  activated  caspases  in  apoptosis-stimulated  mitochon¬ 
dria.  Like  their  procaspase  counterparts,  the  activated 
caspase-9  and  -3  are  localized  in  the  IMS  of  the  mitochondria 
(Fig.  5). 

Our  recent  observation  (30)  that  a  wide  diversity  of  apoptotic 
inducers  cause  an  early  up-regulation  and  accumulation  of  cyt. 
c  in  the  mitochondria  raises  the  following  intriguing  question. 
Could  this  increased  mitochondrial  cyt.  c  lead  to  procaspase-9 
activation  right  in  the  organelle  analogous  to  apoptosome- 
mediated  procaspase-9  activation  in  the  cytosol?  Several  pieces 
of  evidence  make  our  initial  hypothesis  unlikely.  First,  in  all 
our  apoptotic  models  the  initial  appearance  of  the  activated 
caspase-9  in  the  mitochondria  occurs  either  following  or  con¬ 
comitant  with  the  caspase-9  activation  in  the  cytosol  without 
proteolytic  degradation  of  the  mitochondrial  procaspase-9  (Fig. 
3).  These  observations  suggest  that  caspase-9  activation  is 
initiated  in  the  cytosol.  Second,  Apaf-1,  the  key  adaptor  mole¬ 
cule  in  apoptosome-mediated  caspase-9  activation,  is  exclu¬ 


sively  expressed  in  the  cytosol,  consistent  with  the  observations 
of  other  investigators  (46),  and  is  never  found  in  the  mitochon¬ 
dria.  Third,  even  after  apoptotic  stimulation,  no  association  of 
Apaf-1  with  the  mitochondrial  fractions  is  observed  (Fig.  3, 
A-D).  Finally,  cell-free  reconstitution  experiments  demon¬ 
strate  that  cyt.  c  does  not  directly  activate  the  mitochondrial 
procaspase-9  although  it  completely  activates  the  cytosolic  pro¬ 
caspase-9  (Fig.  7A),  thus  confirming  the  lack  of  Apaf-1  in  the 
mitochondria.  These  observations  make  it  clear  that  pro¬ 
caspase-9  cannot  be  activated  inside  the  mitochondria  in  an 
Apaf-l/apoptosome-dependent  manner. 

Interestingly,  in  all  the  apoptotic  models  studied  here,  cytoso¬ 
lic  Apaf-1  rapidly  translocates  to  the  perinuclear  area,  similar  to 
recent  findings  (52)  in  different  mammalian  cells.  Remarkably, 
the  Apaf-1  homologue  in  Caenorhabditis  elegans ,  CED-4,  also 
translocates  to  the  nuclear  membrane  during  apoptosis  (53). 
What  could  be  the  functions  of  this  translocation?  One  clue  is 
that,  in  addition  to  Apaf-1,  cyt.  c  (52),  procaspase-9  and  -3  (this 
study),  and  many  other  caspases  (22-24,  26,  28,  29)  also  become 
associated  with  the  nucleus  during  apoptosis.  It  is  possible  that 
these  molecules  move  together  to  assemble  functional  apopto- 
somes  to  induce  caspase  activation  in  or  around  the  nucleus  in 
order  to  disassemble  the  nuclear  cytoplasmic  barrier  (54)  and 
catalyze  the  systematic  degradation  of  the  nucleus. 

Active  Caspases  in  the  Mitochondria  Are  Derived  Mostly  from 
the  Translocation — If  the  Apaf-l-containing  apoptosome  is  not 
involved,  then  how  is  the  mitochondrial  active  caspase-9 
brought  about?  Although  Apaf- 1-independent  mechanisms  re¬ 
cently  emerged  (11-13)  could  be  involved,  the  most  plausible 
explanation  is  that  the  active  caspase-9  in  the  mitochondria 
comes  from  translocation  from  the  cytosol.  Supporting  evidence 
comes  from  PC3  or  GM701  cells  treated  with  BMD188  in  which 
increasing  levels  of  the  activated  caspase-9  are  seen  in  the 
mitochondria  in  the  absence  of  corresponding  decreases  in  the 
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mitochondrial  procaspase-9  levels  (Fig.  3,  A  and  B).  Instead, 
the  cytosolic  procaspase-9  continuously  decreases  without  a 
corresponding  increase  in  the  active  caspase-9  (Fig.  3,  A  and  B). 
More  importantly,  in  PC3  cells  the  cytosolic  caspase-9  activa¬ 
tion  occurs  prior  to  the  mitochondrial  caspase-9  activation  (Fig. 
3 A).  Cell-free  reconstitution  experiments  also  provide  clear-cut 
evidence  that  the  cytosolically  activated  caspase-9  can  translo¬ 
cate  to  the  mitochondria.  Translocation  seems  to  be  a  temper¬ 
ature-  and  energy-dependent  process;  translocation  is  de¬ 
creased  at  room  temperature  and  stopped  at  4  °C.2 

The  mitochondria-associated  active  caspase-3  generally  ap¬ 
pears  at  the  same  time  when  the  cytosolic  caspase-3  becomes 
activated  (Fig.  3,  A-D),  but  at  least  in  some  cases,  an  early 
translocation  of  the  activated  cytosolic  caspase-3  to  the  mito¬ 
chondria  can  be  suggested.  For  example,  in  BMD188-treated 
PC3  cells,  the  mitochondrial  caspase-3  activation  is  observed  at 
45  min  post-treatment  (Figs.  1, 2,  and  3A).  However,  the  active 
mitochondrial  caspase-9  is  not  observed  by  this  time  (Fig.  3A), 
suggesting  that  the  active  caspase-3  in  the  mitochondria  prob¬ 
ably  comes  from  translocation  from  the  cytosol.  In  addition, 
increasing  amounts  of  both  active  caspase-3  (i.e.  the  p20  frag¬ 
ment)  as  well  as  the  procaspase-3  are  observed  in  the  mito¬ 
chondria  (Fig.  3A).  Finally,  cell-free  reconstitution  experiments 
show  that  the  cytosolically  activated  caspase-3  can  indeed 
translocate  to  the  mitochondria  (Fig.  7). 

How  may  activated  caspases  translocate  to  the  IMS  of  the 
mitochondria?  It  is  still  unclear  how  various  procaspases, 
which  generally  lack  an  identifiable  mitochondria-targeting 
sequence  (51),  get  into  the  IMS.  Evidence  presented  here  sug¬ 
gests  that  a  CsA-inhibitable  mechanism(s)  seems  to  be  respon¬ 
sible,  at  least  partially,  for  both  the  early  release  of  the  mito¬ 
chondrial  proteins  such  as  cyt.  c  and  Hsp60  as  well  as  for  the 
later  translocation  of  the  activated  caspases  back  to  the  mito¬ 
chondria.  CsA,  which  has  been  shown  to  inhibit  apoptosis  in 
multiple  model  systems,  is  generally  thought  to  block  apoptosis 
by  inhibiting  MMP  (48,  49).  CsA  has  been  shown  recently  (55) 
to  also  inhibit  the  remodeling  of  the  mitochondrial  cristae  and 
consequently  inhibit  cyt.  c  release.  How  mitochondrial  proteins 
are  released  from  the  mitochondria  is  still  controversial,  but  it 
seems  to  involve  different  types  of  channels  consisting  of  pro- 
apoptotic  Bcl-2  proteins  such  as  Bax  and  Bak  and  some  resi¬ 
dent  mitochondrial  proteins  such  as  VDAC  (reviewed  in  Refs. 
48  and  49).  Consistent  with  our  earlier  data  (30),  CsA  inhibits 
the  early  release  of  both  cyt.  c  and  Hsp60  (Fig.  6),  thus  sug¬ 
gesting  the  potential  involvement  of  MMP  in  this  process. 
Interestingly,  CsA  also  appears  to  inhibit  the  later  transloca¬ 
tion  of  active  caspases  as  it  specifically  reduces  their  levels  in 
the  mitochondria  (Fig.  6).  These  results  suggest  that  translo¬ 
cation  of  the  activated  caspases  back  to  the  mitochondria  might 
use  a  CsA-sensitive  mechanism(s)  similar  to  those  utilized  for 
the  initial  mitochondrial  protein  release.  It  is  unclear  how  the 
activated  cytosolic  caspase-9,  most  of  which  is  thought  to  re¬ 
main  bound  to  the  apoptosome  (38-40),  gets  to  the  mitochon¬ 
dria.  The  supramolecular  openings  formed  by  Bid,  Bax,  and 
the  mitochondrial  membrane  lipids  can  release  molecules  of 
2,000  kDa  (56),  which  should  be  sufficient  to  “entertain”  the 
700-kDa  to  1.4-MDa  apoptosome.  However,  Apaf-1  is  never 
detected  in  the  mitochondria.  It  is  possible  that  some  acti¬ 
vated  caspase-9,  especially  those  activated  by  caspase-3,  may 
not  be  apoptosome-bound  and  thus  be  free  to  translocate  to  the 
mitochondria. 

Recent  evidence  (6-10)  suggests  that,  in  some  apoptotic  sys¬ 
tems,  caspase-2  activation  precedes  or  may  even  be  required  for 
the  compromise  of  the  mitochondrial  integrity  such  as  cyt.  c 
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release.  Our  data  suggest  that,  in  our  systems,  caspase  activa¬ 
tion  occurs  after  the  disruption  of  the  mitochondrial  integrity 
and  function  (30)  (Fig.  6  of  this  study).  More  importantly, 
Z-VAD  does  not  affect  the  initial  release  of  the  mitochondrial 
proteins  (Fig.  6).  Since  Z-VAD  inhibits  caspase  activation,  as 
expected,  but  the  activated  caspase-9  and  -3  are  still  observed 
in  the  mitochondria,  the  reduced  levels  of  the  mitochondria- 
associated  active  caspases  (Fig.  6)  mostly  likely  are  caused  by 
the  overall  inhibition  of  caspase  activation  rather  than  inhibi¬ 
tion  of  translocation. 

Active  Caspases  in  the  Mitochondria  May  Also  Derive  Partly 
from  the  Caspase-mediated  Activation  in  the  Organelle — Con¬ 
ceptually,  translocated  active  caspases  may  subsequently  acti¬ 
vate  the  mitochondrial  procaspases  in  the  organelle.  Several 
pieces  of  evidence  support  this  possibility.  First,  late  during 
apoptosis  most  mitochondrial  procaspase-9  (Fig.  3D)  and  pro¬ 
caspase-3  (Fig.  3,  B-D)  becomes  completely  proteolyzed.  Sec¬ 
ond,  cell-free  reconstitution  experiments  suggest  that  the  mi¬ 
tochondrial  procaspase-9  and  -3  may  become  proteolytically 
activated  in  the  organelle  (Fig.  7,  C  and  D).  Third,  cell-free 
recombination  experiments  also  suggest  direct  procaspase  ac¬ 
tivation  in  the  mitochondria  (Fig.  8A).  Finally,  both  mitochon¬ 
drial  procaspase-9  and  -3  can  be  activated  by  recombinant 
active  caspase-3  (Fig.  SB).  Various  cell-free  experiments  using 
intact  mitochondria  (Figs.  7  and  8)  suggest  that  a  small  amount 
of  activated  caspases  may  permeabilize  the  OMM  (47,  48), 
enter  the  IMS,  and  activate  the  mitochondrially  localized  pro¬ 
caspases.  Under  continuous  apoptotic  stimulation  presumably 
the  MMP  persists,  thus  allowing  the  access  of  the  cytosolically 
activated  caspases  to  the  IMS  without  the  obvious  need  for 
caspase-mediated  permeabilization,  which  explains  why  CsA  but 
not  Z-VAD  inhibits  caspase  translocation  to  the  mitochondria 
(Fig.  6). 

The  Potential  Biological  Functions  of  the  Mitochondrially 
Localized  Active  Caspases — Multiple  pieces  of  evidence  suggest 
that  the  active  caspases  in  the  mitochondria  may  play  a  role  in 
apoptosis.  First,  significant  amounts  of  activated  caspase-9  and 
-3  are  accumulated  in  the  mitochondria,  especially  late  during 
apoptosis  (Fig.  3,  A-D).  In  support,  significant  caspase  activi¬ 
ties  are  detected  in  the  mitochondria  (Figs.  1  and  2;  and  data 
not  shown).  Second,  in  the  reconstitution  experiments,  acti¬ 
vated  caspases  preferentially  translocate  to  the  mitochondria 
(Fig.  7).  Third,  the  preferential  association  of  the  active 
caspase-3  with  the  mitochondria  seems  to  be  essential  for  the 
complete  activation  of  caspase-9.2  Finally,  the  cytosolic  pro¬ 
caspase-3  does  not  seem  to  be  efficiently  activated  by  exoge¬ 
nous  active  caspase-3  in  the  absence  of  the  mitochondria  (Fig. 
SB). 

Presumably,  the  activated  caspase-9  and  -3  in  the  mitochon¬ 
dria  can  play  the  following  functions.  First,  they  may  further 
activate  residual  or  other  resident  procaspases  in  the  organelle 
(Fig.  9).  Thus  the  expression  of  the  active  caspases  in  the 
mitochondria  establishes  a  positive  feedback  amplification 
mechanism.  Second,  they  may  degrade  some  mitochondrial 
proteins.  It  is  interesting  to  note  that  compared  with  the  known 
caspase  substrates  in  the  cytosol  and  other  organelles,  few 
distinct  mitochondrial  substrates  have  been  identified.  Re¬ 
cently,  caspase-9  is  shown  to  be  able  to  degrade  certain  cellular 
components  other  than  caspases  (57).  Therefore,  it  is  possible 
that  active  caspase-3  as  well  as  caspase-9  in  the  mitochondria 
may  specifically  degrade  some  mitochondrial  substrates  such 
as  the  MRC  protein  complexes.  Third,  the  mitochondrial  active 
caspase-9  and  -3  may  further  disintegrate  mitochondrial  integ¬ 
rity  and  function  such  as  facilitating  MMP,  cyt.  c  release,  and 
generation  of  reactive  oxygen  species  (58).  Together  these  func¬ 
tions  help  drive  the  apoptotic  process  to  completion. 
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15-Lipoxygenase  2  (15-LOX2),  the  most  abundant 
arachidonate  (AA)-metabolizing  enzyme  expressed  in 
adult  human  prostate,  is  a  negative  cell-cycle  regulator 
in  normal  human  prostate  epithelial  cells.  Here  we 
study  the  subcellular  distribution  of  15-LOX2  and  report 
its  tumor-suppressive  functions.  Immunocytochemistry 
and  biochemical  fractionation  reveal  that  15-LOX2  is 
expressed  at  multiple  subcellular  locations,  including 
cytoplasm,  cyto skeleton,  cell-cell  border,  and  nucleus. 
Surprisingly,  the  three  splice  variants  of  15-LOX2  we 
previously  cloned,  i.e,  15-LOX2sv-a/b/c,  are  mostly  ex¬ 
cluded  from  the  nucleus.  A  potential  bi-partite  nuclear 
localization  signal  (NLS),  203RKGLWRSLNEMKRIFN- 
FRR221,  is  identified  in  the  N  terminus  of  15-LOX2, 
which  is  retained  in  all  splice  variants.  Site-directed 
mutagenesis  reveals  that  this  putative  NLS  is  only  par¬ 
tially  involved  in  the  nuclear  import  of  15-LOX2.  To 
elucidate  the  relationship  between  nuclear  localization, 
enzymatic  activity,  and  tumor  suppressive  functions,  we 
established  PCa  cell  clones  stably  expressing  15-LOX2  or 
15-LOX2sv-b.  The  15-LOX2  clones  express  15-LOX2  in  the 
nuclei  and  possess  robust  enzymatic  activity,  whereas 
15-LOX2sv-b  clones  show  neither  nuclear  protein  local¬ 
ization  nor  AA-metabolizing  activity.  To  our  surprise, 
both  15-LOX2-  and  15-LOX2sv-b-stable  clones  proliferate 
much  slower  in  vitro  when  compared  with  control 
clones.  More  importantly,  when  orthotopically  im¬ 
planted  in  nude  mouse  prostate,  both  15-LOX2  and  15- 
LOX2sv-b  suppress  PC3  tumor  growth  in  vivo .  Together, 
these  results  suggest  that  both  15-LOX2  and  15- 
LOX2sv-b  suppress  prostate  tumor  development,  and 
the  tumor-suppressive  functions  apparently  do  not  nec¬ 
essarily  depend  on  AA-metabolizing  activity  and  nu¬ 
clear  localization. 
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15-Lipoxygenase  2  (15-LOX2)1  is  a  recently  cloned  lipoxyge¬ 
nase  that  shows  the  highest  homology  (—80%  amino  acid  iden¬ 
tity)  to  murine  8-LOX,  with  —40%  identity  to  human  5-LOX, 
12-LOX,  or  15-LOX1  (1).  It  has  at  least  three  splice  variants 
(termed  15-LOX2sv-a/b/c)  (2,  3)  and  metabolizes  preferentially 
arachidonic  acid  (AA)  to  15(S)-hydroxyeicosatetraenoic  acid 
(15(S)-HETE)  (1).  15-LOX2  shows  an  interesting  tissue  expres¬ 
sion  pattern,  Le.  mainly  in  prostate,  lung,  skin,  and  cornea 
(1-3).  This  tissue-restricted  expression  pattern  suggests  that 
15-LOX2  may  play  a  role  in  the  normal  development  and  its 
abnormal  expression/function  may  contribute  to  tumorigenesis 
in  these  organs.  Indeed,  work  by  Shappell  et  al  (4-6)  indicates 
that  15-LOX2  mRNA,  protein  expression,  and  enzymatic  activ¬ 
ity  are  decreased  in  high  grade  prostate  intraepithelial  neopla¬ 
sia  (PIN)  and  prostate  cancer  (PCa),  and  the  expression  levels 
of  15-LOX2  are  inversely  correlated  with  the  pathological  grade 
(Gleason  scores)  of  the  patients.  We  recently  reported  that 
15-LOX2  is  a  negative  cell-cycle  regulator  in  normal  human 
prostate  (NHP)  epithelial  cells  (3).  These  observations  (3-6) 
together  raise  the  possibility  that  15-LOX2  may  represent  an 
endogenous  prostate  tumor  suppressor,  and  its  down-regula¬ 
tion  may  contribute  to  PCa  development.  Here  we  provide 
experimental  data  in  support  of  this  possibility  as  restoration 
of  15-LOX2  expression  inhibits  PCa  cell  proliferation  in  vitro 
and  tumor  development  in  vivo .  We  further  show  that  the 
tumor-suppressive  functions  of  15-LOX2  do  not  necessarily 
depend  on  the  AA-metabolizing  activity  and  nuclear  localiza¬ 
tion  as  15-LOX2sv-b,  a  splice  variant  that  does  not  metabolize 
AA  and  is  mostly  excluded  from  nucleus,  demonstrates  similar 
inhibitory  effect  on  PCa  development. 

MATERIALS  AND  METHODS 

Cells  and  Reagents — Six  primary  NHP  cell  strains,  NHP1-NHP6, 
were  prepared  from  six  different  donors.  NHP1,  NHP3,  NHP4,  and 
NHP6  cells  were  obtained  from  Clonetics  (Walkersville,  MD),  and 
NHP2  and  NHP5  cells  were  generated  as  previously  described  (7-9). 
These  cells  were  cultured  in  serum-free,  PrEBM  medium  (Clonetics) 


1  The  abbreviations  used  are:  15-LOX2,  15-lipoxygenase  2;  15- 
LOX2sv-a/b/c,  15-lipoxygenase  2  splice  variant  a,  b,  or  c;  AA,  arachi¬ 
donic  acid;  CAP,  cytoskeleton-associated  proteins;  Cox-II,  cytochrome 
oxidase  subunit  II;  CSK,  cytoskeleton;  LDH,  lactate  dehydrogenase; 
NHP,  normal  human  prostate  epithelial  cells;  PCa,  prostate  cancer; 
NLS,  nuclear  localization  signal;  PPAR-y,  peroxisome  proliferator-acti- 
vated  receptor-y;  WCL,  whole  cell  lysate;  DAPI,  4',6-diamidino-2-phe- 
nylindole;  15(S)-HETE,  15(S)-hydroxyeicosatetraenoic  acid;  FBS,  fetal 
bovine  serum;  GFP,  green  fluorescent  protein;  HM,  heavy  membrane; 
LM,  light  membrane;  MES,  4-morpholineethanesulfonic  acid;  hrGFP, 
humanized  Renilla  GFP;  IRES,  internal  ribosomal  entry  site;  UT,  un¬ 
transfected;  UG,  urogenital;  RT,  reverse  transcription;  ER,  endoplasmic 
reticulum;  pCMV,  cytomegalovirus  promoter. 


This  paper  is  available  on  line  at  http://www.jbc.org 
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supplemented  with  insulin,  epidermal  growth  factor,  hydrocortisone, 
bovine  pituitary  extract,  and  cholera  toxin,  and  used  during  passages 
2-6  (3).  PCa  cell  lines,  i.e.  PPC-1,  PC3,  and  LNCaP,  were  cultured  in 
RPMI  1640  supplemented  with  10%  heat-inactivated  fetal  bovine  se¬ 
rum  (FBS)  and  antibiotics.  HEK  293  cells  were  purchased  from  ATCC 
and  cultured  in  Dulbecco’s  modified  Eagle’s  medium  supplemented  with 
5%  FBS  and  antibiotics. 

Rabbit  polyclonal  anti-15-LOX2  antibody  was  described  before  (4). 
Rabbit  polyclonal  anti-E-cadherin  and  goat  polyclonal  anti-lamin  A 
antibodies  were  obtained  from  Santa  Cruz  Biotechnology  Inc.  (Santa 
Cruz,  CA).  Monoclonal  anti-human  vinculin  (clone  hVIN-1)  was  bought 
from  Sigma  (St.  Louis,  MO).  Goat  anti-lactate  dehydrogenase  (LDH) 
antibody  was  purchased  from  Chemicon  (Chemicon  International,  Inc., 
Temecula,  CA).  Monoclonal  anti-actin  and  anti-cytochrome  c  oxidase 
subunit  II  (Cox-II)  antibodies  were  purchased  from  ICN  (Indianapolis, 
IN)  and  BD  Pharmingen  (San  Diego,  CA),  respectively.  A  monoclonal 
anti-BrdUrd  (5-bromo-2'-deoxyuridine)  antibody  and  a  rabbit  poly¬ 
clonal  anti-Bap31  antibody  were  kindly  provided  by  Drs.  M.  Raff  and  G. 
Shore,  respectively.  Anti-GFP  (green  fluorescent  protein)  antibodies 
were  obtained  from  Clontech  (Palo  Alto,  CA).  All  secondary  antibodies 
(goat  anti-mouse  or  -rabbit  IgG  or  rabbit  anti-goat  IgG  conjugated  to 
horseradish  peroxidase,  fluorescein  isothiocyanate,  or  Rhodamine) 
were  acquired  from  Amersham  Biosciences  (Piscataway,  NJ).  Liposome 
FuGENE  6  was  bought  from  Roche  Applied  Science  (Indianapolis,  IN). 
All  other  chemicals  were  bought  from  Sigma  unless  specified  otherwise. 

Immunohistochemistry  of  15-LOX2  Expression  in  Tissue  Sections — 
Paraffin-embedded  sections  of  normal  prostate  tissues  and  PCa  were 
blocked  for  endogenous  peroxidase  activity  with  3%  H202  in  water  for 
10  min.  Antigen  retrieval  was  done  by  incubating  the  slides  with  10  mM 
citrate  buffer  (pH  6.0)  for  10  min  in  a  microwave  oven.  Slides  were  then 
blocked  for  nonspecific  binding  in  10%  goat  whole  serum  (30  min) 
followed  by  incubation  in  anti-15-LOX2  antibody  (30  min,  room  tem¬ 
perature).  Slides  were  finally  incubated  with  goat  anti-rabbit  IgG  con¬ 
jugated  to  horseradish  peroxidase  followed  by  substrate  (dimethyl 
amino  azobenzene)  incubation. 

Immunofluorescence  Detection  of  15-LOX2  Expression  in  Cultured 
NHP  Cells — The  basic  procedure  was  as  described  previously  (3).  For 
double  labeling  of  15-LOX2  and  E-cadherin  or  15-LOX2  and  vinculin, 
cells  were  first  labeled  for  15-LOX2  followed  by  goat  anti-rabbit  IgG 
conjugated  to  fluorescein  isothiocyanate.  After  post-blocking  in  15% 
goat  whole  serum,  cells  were  incubated  with  antibodies  against  E- 
cadherin  or  vinculin  followed  by  secondary  antibody  conjugated  to 
Rhodamine. 

Western  Blotting  and  Subcellular  Fractionation — Whole  cell  lysate 
(WCL)  was  prepared  in  TNC  buffer  (10  mM  Tris  acetate,  pH  8.0,  0.5% 
Nonidet  P-40,  and  5  mM  CaCl2)  or  complete  radioimmune  precipitation 
assay  (RIPA)  buffer  (50  mM  Tris-HCl,  pH  7.5, 150  mM  NaCl,  1%  Nonidet 
P-40,  0.5%  sodium  deoxycholate,  0.5%  Triton  X-100,  10  mM  EDTA) 
containing  protease  inhibitor  mixture.  The  WCL  prepared  in  TNC  gen¬ 
erally  contains  much  lower  nuclear,  cytoskeletal,  or  cytoskeleton  (CSK)- 
associated  organelles  (such  as  mitochondria)  or  proteins.  Protein  con¬ 
centrations  were  determined  by  MicroBCA  kit  (Pierce,  Rockford,  IL). 
Samples  containing  same  amounts  of  proteins  were  loaded  on  15% 
SDS-PAGE  and  Western  blotting  performed  using  enhanced  chemilu¬ 
minescence  (ECL). 

Subcellular  fractionation  was  carried  out  in  log-phase  NHP6  cells  as 
previously  described  (10-13)  with  slight  modifications.  Briefly,  heavy 
membrane  (HM)  and  light  membrane  (LM)  fractions  and  cytosol  were 
prepared  using  homogenization  combined  with  differential  centrifuga¬ 
tion.  Nuclei  were  prepared  using  the  NUCLEI  EZ  PREP  kit  (Sigma).  To 
prepare  CSK  and  CSK-associated  proteins  (CAP)  (10),  NHP6  cells  were 
first  lysed  in  TNC  buffer  by  scraping.  The  Nonidet  P-40-insoluble  pellet 
was  extracted  (10  min,  3X)  on  ice  with  high  salt,  Triton-containing  CSK 
extraction  buffer  (600  mM  KC1,  1.0  mM  MgCl2,  50  mM  MES,  pH  7.6,  10 
pg/ml  DNase,  10  pg/ml  RNase,  1%  Triton  X-100,  and  protease  mixture). 
The  Triton-resistant  residue  was  designated  as  CSK,  and  the  Triton- 
soluble  portions  from  each  extraction  were  pooled  and  proteins  precip¬ 
itated  with  an  equal  volume  of  ice-cold  acetone  (10).  The  resultant 
protein  pellet  was  designated  CAP  (10).  50-100  pg  of  each  subcellular 
fraction  was  used  in  Western  blotting  for  15-LOX2.  Then  the  same 
membrane  was  stripped  and  reprobed  for  various  marker  proteins  as 
detailed  in  the  text. 

Establishing  Stable  PCa  Cell  Lines  Expressing  15-LOX2  or  15- 
LOX2sv-b — 15-LOX2  or  15-LOX2  splice  variant  cDNAs  (3)  were  sub¬ 
cloned  into  pIRES-hrGFP  (Stratagene,  La  Jolla,  CA),  in  which  the 
target  gene  (i.e.  15-LOX2  or  15-LOXsv-a/b/c)  is  driven  by  pCMV  and 
hrGFP  (humanized  Renilla  green  fluorescent  protein)  is  transcribed 
from  an  internal  ribosomal  entry  site  (IRES).  The  resultant  vectors 


were  designated  pl5-LOX2-hrGFP,  pl5-LOX2sv-a-hrGFP,  pl5- 
LOX2sv-b-hrGFP,  and  pl5-LOX2sv-c-hrGFP,  respectively.  These  vec¬ 
tors,  along  with  pIRES-hrGFP  empty  vector,  were  first  transiently 
transfected  into  293  cells  to  characterize  their  expressions.  To  establish 
stable  clones,  PC3  or  LNCaP  cells  were  co-transfected  with  pIRES- 
hrGFP,  pl5-LOX2-hrGFP,  or  pl5-LOX2sv-b-hrGFP  and  pCMV-neo  (In- 
vitrogen)  as  a  selectable  marker.  48  h  after  transfection,  G418  was 
added  to  the  medium  (800  pg/m\  for  LNCaP  and  1  mg/ml  for  PC3  cells, 
respectively).  Two  weeks  later,  antibiotic-resistant  PC3  cells  were  har¬ 
vested  and  plated  at  clonal  density  (Le.  50-100  cells/10-cm  dish)  and 
individual  GFP-positive  clones  were  selected,  under  an  inverted  fluo¬ 
rescence  microscope,  using  a  cloning  ring.  For  LNCaP  cells,  stable 
clones  were  established  by  first  enriching  GFP-positive  cells  using 
fluoreseence-activate  cell  sorting,  followed  by  a  limiting  dilution  method 
in  96-well  culture  plates.  Two  to  four  stable  clones  of  each  cell  type  were 
propagated  and  characterized  by  both  Western  blotting  and  immuno¬ 
fluorescence  microscopy. 

Determination  of  15-HETE  Production  in  Stably  Transfected  PCa 
Cells  by  Liquid  Chromatography  and  Tandem  Mass  Spectrometry — 
Untransfected  LNCaP  or  PC3  cells,  or  these  cells  stably  transfected 
with  pIRES-hrGFP,  pl5-LOX2-hrGFP,  or  p!5-LOX2sv-b-hrGFP,  were 
used  to  measure  15GS)-HETE  production  as  previously  detailed  (3). 

Effect  of  15-LOX2  Expression  on  PCa  Cell  Proliferation — Untrans¬ 
fected  PC3  cells  or  stable  PC3  cell  transfectants  (passage  8)  were  plated, 
in  quadruplicate,  in  24-well  flat-bottom  culture  plates  at  5000  cells/ 
well.  The  cells  were  cultured  in  RPMI  medium  containing  1,  2,  or  5% 
FBS.  In  some  conditions,  AA  at  1-25  /xm  was  added  in  the  culture 
medium.  72  h  after  plating,  the  numbers  of  dead  and  live  cells  in  each 
well  were  determined  by  harvesting  both  floating  and  adherent  cells 
and  counting  using  the  trypan  dye  exclusion  assays  (9).  The  results 
were  expressed  as  a  percentage  of  the  control,  and  the  experiment  was 
repeated  three  times. 

Effect  of  15-LOX2  Expression  on  PCa  Development  in  Vivo — Surgical 
orthotopic  implantation  was  carried  out  to  assess  the  effect  of  restora¬ 
tion  of  15-LOX2  expression  on  PCa  development  in  vivo.  The  basic 
procedure  was  previously  described  (14).  Briefly,  animals  were  anes¬ 
thetized  by  intraperitoneal  injection  of  Nembutal  Mix  (10  pl/g  of  body 
weight).  Four  groups  of  PC3  cells,  i.e.  untransfected  (UT)  or  cells  trans¬ 
fected  with  pIRES-hrGFP  (GFP),  P15-LOX2-hrGFP  (15-LOX2),  or  pl5- 
LOX2sv-b-hrGFP  (15-LOX2sv-b),  all  at  passage  8,  were  orthotopically 
injected  into  athymic  NCr-nu  (The  Jackson  Laboratory,  Bar  Harbor, 
ME)  nude  mouse  prostate  (2  X  106  in  25  /xl  of  RPMI/prostate).  Tumor 
development  was  monitored  2  weeks  after  surgical  implantation.  About 
2  months  (i.e.  63  days)  after  implantation,  the  experiment  was  termi¬ 
nated,  animals  were  sacrificed,  and  primary  tumors  together  with  the 
urogenital  (UG)  organs  except  bladder  were  dissected  out.  Tumor 
weights  (with  UG  organs)  were  determined,  and  prostates  from  all  four 
groups  were  used  in  H-E  staining  and  immunohistochemical  analysis. 

Nuclear  Localization  of  15-LOX2  and  Its  Splice  Variants — PC3  or 
LNCaP  cells  grown  on  glass  coverslips  were  either  untransfected  or 
transiently  transfected  with  various  vectors  using  FuGENE  6  (3).  Cells 
were  fixed  48  h  after  transfection  and  then  processed  for  15-LOX2 
staining  (3).  The  distribution  of  15-LOX2  in  the  transfected  (i.e.  GFP+) 
cells  was  observed  under  a  fluorescence  microscope.  In  some  cases, 
stable  transfectants  of  PC3  and  LNCaP  cells  were  used  in  similar 
studies.  In  other  experiments,  cells  were  used  in  subcellular 
fractionation. 

Site-specific  Mutagenesis  of  15-LOX2  and  Nuclear  Localization  Stud¬ 
ies — Site-specific  mutagenesis  was  performed  to  change  the  15-LOX2 
R203K204,  K214R215,  and  R220R221  to  A203S204,  R214S215,  and 
A220S221,  respectively,  using  the  QuikChange  site-specific  mutagene¬ 
sis  system  (Stratagene)  and  pl5-LOX2-hrGFP  as  template.  A  triple 
mutant  was  also  made.  The  successfully  mutated  sequences  were  con¬ 
firmed  by  restriction  digestion  and  sequencing  analysis.  These  15-LOX2 
mutants,  along  with  15-LOX2  and  15-LOX2sv-a/b  expression  con¬ 
structs,  were  transiently  transfected  into  PC3  cells,  and,  48  h  later,  cells 
were  processed  for  15-LOX2  staining. 

RT-PCR  Analysis  of  the  mRNA  Levels  15-LOX2  and  Its  Splice  Vari¬ 
ants  and  Mutants — Log-phase  LNCaP  cells  were  transfected  with 
pIRES-hrGFP,  P15-LOX2-hrGFP,  P15-LOX2sv-a-hrGFP,  pl5-LOX2sv- 
b-hrGFP,  pl5-LOX2sv-c-hrGFP,  or  four  NLS  mutants  mentioned 
above.  48  h  after  transfection,  cells  were  selected  by  adding  G418  (800 
/xg/ml).  Ten  days  later,  these  G418-selected  LNCaP  cells,  together  with 
untransfected  PC3  cells  or  PC3  stable  clones,  were  harvested  for  RT- 
PCR  analysis.  Total  RNA  was  isolated  with  the  RNeasy  Mini  kit  (Qia- 
gen),  and  0.6  pg  of  the  total  RNA  was  used  in  RT-PCR  analysis  using 
the  Master  Amp  One-Step  RT-PCR  kit  (Epicenter,  Madison,  WI).  Prim¬ 
ers  C  (5'-ACTACCTCCCAAAGAACTTCCCC-3',  forward)  and  D  (5'- 
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Fig.  1.  Immunofluorescent  and  immunohistochemical  analy¬ 
sis  of  15-LOX2  expression  in  NHP  cells  in  vitro  and  benign 
prostate  epithelial  cells  in  vivo .  a-f,  NHP2  (P5)  grown  on  glass 
coverslips  were  double-labeled  with  15-LOX2  and  E-cadherin  ( a  and  6, 
respectively)  or  with  15-LOX2  and  vinculin  (d  and  e,  respectively),  c  and 
f  are  composite  images.  Small  arrows  indicate  the  cell-cell  border  local¬ 
ization  of  15-LOX2,  whereas  the  large  arrows  are  the  nuclear  localiza¬ 
tion.  Note  the  colocalization  of  15-LOX2  with  E-cadherin  (a-c)  but  not 
with  vinculin  (d-f).  g  and  h>  prostate  tissue  sections  of  normal  (g)  or  PIN 
(h)  glands  stained  for  15-LOX2  (brown).  Note  clear  staining  at  the 
cell-cell  border  as  well  as  in  the  nuclei  in  addition  to  cytoplasmic 
staining  in  both  images.  Original  magnifications,  X400  for  a-f  and 
X100  forg  and  h. 

TTCAATGCCGATGCCTGTG-3',  reverse)  were  used  to  amplify  15- 
LOX2  as  previously  described  (3).  This  pair  of  primers  amplifies 
15-LOX2  and  15-LOX2sv-c  as  a  546-bp  band  and  15-LOX2sv-a  and 
15-LOX2sv-b  as  a  459-bp  band  (3).  RT-PCR  of  glyceraldehyde-3-phos- 
phate  dehydrogenase  was  used  as  a  control  (3).  Plasmids  (1  ng)  were 
used  as  positive  controls. 

Statistical  Analysis — Student’s  t  test  was  used  to  determine  the 
statistical  differences  between  various  experimental  groups  with  p  < 
0.05  considered  significantly  different. 

RESULTS 

15-LOX2  Is  Expressed  in  the  Nucleus  and  Other  Subcellular 
Locations — 15-LOX2  is  a  negative  cell-cycle  regulator  in  NHP 
cells  (3).  In  an  attempt  to  understand  its  molecular  mecha¬ 
nisms  of  action,  we  studied  its  subcellular  expression  in  cul¬ 
tured  primary  NHP  cells  as  well  as  in  benign  prostate  epithe¬ 
lial  cells  in  vivo.  As  observed  previously  (3),  15-LOX2  was 
primarily  expressed  in  the  cytoplasm.  However,  significant 
amounts  of  15-LOX2  were  also  localized  at  the  cell-cell  borders 
(Fig.  la,  small  arrows)  as  well  as  in  the  nuclei  (Fig.  la,  large 
arrows).  The  15-LOX2  distributed  at  the  cell-cell  borders  par¬ 
tially  co-localized  with  the  adhesion  molecule  E-cadherin  (Fig. 
1,  a-c).  In  some  cells,  15-LOX2  was  also  observed  as  discrete 
dots  or  clusters  at  the  cell  periphery  (Fig.  Id ,  arrows)  resem¬ 
bling  cell-matrix  interaction  sites  called  focal  adhesions  (15). 
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Fig.  2.  Analysis  of  15-LOX2  expression  by  subcellular  fraction¬ 
ation.  NHP  6  (P5)  cells  were  fractionated  into  CSK,  CAP,  nuclei,  HM, 
LM,  microsomes,  and  cytosol,  as  detailed  under  “Materials  and  Meth¬ 
ods.”  WCL  (prepared  in  TNC  buffer)  was  used  as  control.  Proteins  from 
each  fraction  (50  pg  for  CSK  and  microsomes  and  100  pg  for  all  other 
fractions)  were  separated  on  15%  SDS-PAGE  and  transferred  to  nitro¬ 
cellulose  membrane.  The  blot  was  probed  for  15-LOX2  and  then  for 
various  marker  proteins  as  indicated  (see  text).  Cox-IIf  cytochrome  c 
oxidase  subunit  II;  LDHy  lactate  dehydrogenase. 


Double  staining  of  15-LOX2  and  vinculin,  a  protein  marker  for 
focal  adhesions  (15),  however,  did  not  reveal  any  co-localization 
(Fig.  1,  d-f).  In  vivo ,  15-LOX2  was  also  expressed  in  the  cyto¬ 
plasm,  cell-cell  borders,  as  well  as  in  the  nuclei  (Fig.  lg).  Note 
that,  as  previously  reported  (4),  15-LOX2  was  specifically  ex¬ 
pressed  in  the  glandular  prostate  epithelial  cells  in  vivo  but  not 
in  basal  cells  or  other  cell  types  including  stromal  cells  (Fig. 
lg).  Also,  as  noted  previously  (5),  15-LOX2  staining  was  re¬ 
duced  in  the  precursor  lesion  PIN  (prostate  intraepithelial 
neoplasia),  and  most  cells  in  these  lesions  homogeneously  lost 
the  15-LOX2  staining  (Fig.  1  h).  However,  prominent  cell  mem¬ 
brane  and  cell-cell  border  staining,  and,  in  particular,  nuclear 
staining  was  still  evident  in  some  15-LOX2-positive  cells  (Fig. 
1  h). 

To  confirm  the  subcellular  distribution  pattern  of  15-LOX2 
biochemically,  we  carried  out  a  fractionation  analysis  (10-13). 
NHP6  cells  were  fractionated  into  CSK,  CAP,  nuclei,  HM  (the 
1000  X  g  pellet  containing  mainly  large  mitochondria,  plasma 
membrane  sheets,  and  small  amounts  of  other  organelles  (13, 
16)),  LM  (the  10,000  X  g  pellet  containing  mainly  smaller 
mitochondria  and  some  lysosomes  and  peroxisomes  (13,  16)), 
microsomes  (i.e.  the  100,000  X  g  pellet  containing  ER,  Golgi, 
endosomes,  and  membrane  skeleton  (12,  16)),  and  cytosol  (i.e. 
the  100,000  X  g  supernatant  (13)).  WCL  was  used  as  a  control. 
As  shown  in  Fig.  2,  consistent  with  the  immunostaining  data 
(Fig.  1),  15-LOX2  was  primarily  detected  in  the  cytosol,  but 
significant  amounts  of  15-LOX2  were  also  detected  in  the  nu¬ 
clei  and  CAP.  Lower  yet  easily  detectable  levels  of  15-LOX2 
were  also  observed  in  all  other  fractions,  including  CSK,  HM, 
LM,  and  microsomes  (Fig.  2).  As  expected,  the  highest  amount 
of  15-LOX2  was  detected  in  WCL.  The  purity  of  each  fraction 
was  confirmed  by  specific  markers.  For  instance,  lactate  dehy¬ 
drogenase  (LDH),  a  cytosolic  marker  (16),  was  detected  only  in 
the  cytosol  (Fig.  2),  suggesting  that  there  was  no  contamination 
of  all  other  subcellular  fractions  by  the  cytosol.  Similarly,  lamin 
A,  a  nuclear  intermediate  filament,  was  detected  only  in  the 
nuclei.  Cytochrome  c  oxidase  subunit  II  (Cox-II),  a  mitochon¬ 
drial  inner  membrane  respiratory  complex  protein,  was  de¬ 
tected,  as  expected,  most  prominently  in  CAP  and  also  in  CSK 
(Fig.  2),  because  most  mitochondria  normally  are  associated 
with  microtubules  and  some  other  cytoskeletal  elements  (17). 
Cox-II  was  also  detected,  expectedly,  in  the  HM  and  LM  frac¬ 
tions  (Fig.  2),  which  normally  are  enriched  with  the  mitochon¬ 
dria  (11,  13).  Note  that  no  lamin  A  or  Cox-II  was  detected  in 
WCL,  probably  due  to  the  low  levels  of  nuclei  and  mitochondria 
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Fig.  3.  Lack  of  nuclear  localization  of  15-LOX2  splice  variants.  LNCaP  cells  were  transiently  transfected  with  the  vector  (pIRES-hrGFP ), 
P15-LOX2-IRES-hrGFP  (15-LOX2),  pl5-LOX2sv-a-IRES-hrGFP  ( 15-LOX2sv-a ),  P15-LOX2sv-b-IRES-hrGFP  ( 15-LOX2sv-b\  or  pl5-LOX2sv-c- 
IRES-hrGFP  ( 15-LOX2sv-c ).  48  h  post  transfection,  cells  were  processed  for  15-LOX2  immunostaining  and  nuclei  were  counterstained  by 
4',6-diamidino-2-phenylindole  ( DAPI ).  Shown  are  the  representative  microphotographs  of  GFP,  15-LOX2,  and  DAPI  images  from  three  independ¬ 
ent  experiments  with  comparable  results.  Over  several  thousands  of  cells  analyzed,  15-LOX2  splice  variants  were  clearly  excluded  from  the  nucleus 
in  the  majority  (>95%)  of  the  cells,  although  the  strong  transgene  expression  in  some  cells  tended  to  mask  their  non-nuclear  expression  pattern. 
Original  magnifications,  X200. 


in  the  WCL  prepared  using  the  TNC  buffer  (see  “Materials  and 
Methods”).  Finally,  Bap31,  an  integral  ER  membrane  protein 

(18),  was  detected  in  CAP,  HM,  LM,  microsomes,  and  WCL,  but 
not  in  the  cytosol,  nuclei,  or  CSK  (Fig.  2). 

Collectively,  data  in  Figs.  1  and  2  indicate  that,  in  addition  to 
its  predominant  expression  in  the  cytosol,  15-LOX2  is  also 
expressed  at  multiple  other  subcellular  locations,  including 
nuclei,  cell-cell  borders,  CSK,  and  membrane  fractions. 

None  of  the  Three  15-LOX2  Splice  Variants  Is  Localized  to 
the  Nucleus — The  nuclear  localization  of  15-LOX2  is  particu¬ 
larly  interesting,  because  it  suggests  that  the  molecule  may 
play  a  distinct  signaling  function  in  the  nucleus.  Therefore,  our 
subsequent  studies  focused  on  the  nuclear  localization  of  15- 
LOX2  and  its  relationship  with  the  enzymatic  and  functional 
activities.  We  previously  cloned  three  15-LOX2  splice  variants 
termed  15-LOX2sv-a/b/c  (3).  These  splice  variants  have  spliced 
out  some  critical  amino  acid  residues  important  for  the  AA- 
metabolizing  enzymatic  activities  (2,  3).  To  determine  whether 
these  splice  variants  are  also  localized  in  the  nucleus,  we  tran¬ 
siently  transfected  various  expression  plasmids  into  LNCaP 
cells,  which  do  not  express  readily  detectable  levels  of  15- 
LOX2.  As  shown  in  Fig.  3,  although  15-LOX2  was  distributed 
throughout  the  cells,  including  the  nucleus  as  confirmed  by 
subcellular  fractionation  (not  shown),  all  three  splice  variants 
were  mostly  excluded  from  the  nucleus.  Identical  results  were 
observed  in  stably  transfected  LNCaP  (Fig.  4,  a-d)  or  PC3  cells 
(Fig.  4,  e-h).  It  should  be  pointed  out  that  the  obvious  lack  of 
nuclear  staining  of  15-LOX2  splice  variants  was  not  due  to 
overall  reduced  protein  expression,  because  comparable  levels 
of  15-LOX2  and  its  splice  variants  were  observed  in  multiple 
experiments  of  either  transiently  {e.g.  Fig.  3)  or  stably  {e.g.  Fig. 
4)  transfected  PCa  cells.  A  typical  example  is  shown  in  Fig.  4, 
in  which  LNCaP  cells  stably  transfected  with  15-LOX2  or  15- 
LOX2sv-b  (Fig.  4,  b  and  d)  or  PC3  cells  stably  transfected  with 
15-LOX2  or  15-LOX2sv-b  (Fig.  4,  f  and  h)  showed  very  similar 
levels  of  protein  expression  (also  see  Figs.  5  and  lb  and  the 
discussion  below). 


A  Putative  Nuclear  Localization  Signal  in  15-LOX2  Is  Insuf¬ 
ficient  for  Its  Nuclear  Targeting — Transport  between  the  nu¬ 
cleus  and  the  cytoplasm  occurs  through  the  nuclear  pore  com¬ 
plex  on  the  nuclear  envelope,  and  proteins  can  enter  the 
nucleus  either  by  diffusion  or  by  signal-mediated  transport 

(19) .  Generally,  only  proteins  with  masses  <40  kDa  are  able  to 
enter  the  nucleus  by  passive  diffusion  (19).  Signal-mediated 
nuclear  transport  requires  energy,  optimal  temperature,  a 
NLS,  and  soluble  transport  machinery  (19).  Two  of  the  best 
characterized  NLSs  are  the  SV40  large  T  NLS  (often  called  the 
classic  monopartite  NLS),  which  is  composed  of  a  stretch  of 
basic  amino  acids,  and  the  nucleoplasmin  bipartite  NLS,  which 
is  composed  of  two  basic  stretches  or  clusters  separated  by 
9-12  amino  acid  residues  (19,  20).  Recent  studies  have  also 
revealed  other  potential  NLS  {e.g.  glycine-rich  sequences)  that 
do  not  conform  to  these  two  motifs  (19,  20). 

Because  a  significant  portion  of  15-LOX2  is  localized  in  the 
nucleus,  we  reason  that  there  may  exist  one  or  more  specific 
NLSs  in  the  molecule  responsible  for  its  nuclear  targeting. 
Therefore,  we  looked  for  a  potential  NLS  in  15-LOX2  by  search¬ 
ing  an  available  data  base  (cubic.bioc.columbia.edu/predictNLS 

(20) )  and  by  using  tools  such  as  PROSITE  and  MotifScan.  We 
did  not  find  any  credible  stretch  of  basic  amino  acids  that  would 
correspond  to  the  monopartite  NLS.  However,  we  did  uncover  a 
potential  bipartite  NLS,  203RKGLWRSLNEMJ®IFNFRR221, 
which  is  located  at  the  N  terminus  of  15-LOX2.  To  determine 
whether  this  putative  NLS  plays  a  role  in  the  nuclear  import  of 
15-LOX2,  we  used  site-specific  mutagenesis  to  mutate  the 
three  di-basic  amino  acid  sequences.  As  shown  in  Fig.  5,  15- 
LOX2  transfected  into  PC3  cells  was  localized  throughout  the 
cells,  including  nuclear  area  (a-c),  whereas  both  15-LOX2sv-a 
and  15-LOX2sv-b  were  mostly  excluded  from  nuclei  {d-i).  Com¬ 
pared  with  15-LOX2-transfected  PC3  cells,  cells  transfected 
with  the  15-LOX2  mutants,  i.e.  15-LOX2RK/AS  (Fig.  5,  jr— /), 
15-LOX2KR/RS  (Fig.  5,  m-o),  15-LOX2RR/AS  (Fig.  5 ,p-r),  or 
triple  mutant  (not  shown),  showed  partially  reduced  nuclear 
staining.  Most  cells  transfected  with  the  15-LOX2  mutants 
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Fig.  4.  Nuclear  exclusion  of  15-LOXsv-b  and  similar  protein 
levels  of  15-LOX2  and  15-LOX2sv-b  in  stably  transfected  PCa 
cells.  a-d}  a  clone  (clone  1)  of  LNCaP  cells  stably  transfected  with 
pl5-LOX2-hrGFP  (a  and  b )  or  pl5-LOX2sv-b-hrGFP  (c  and  d )  was 
plated  on  glass  coverslips  and  processed  for  immunofluorescent  stain¬ 
ing  using  the  rabbit  polyclonal  anti-15-LOX2  antibody  (3).  Shown  are 
the  representative  images  of  GFP  (o  and  c)  and  15-LOX2  (b)  or  15- 
LOX2sv-b  id).  Note  that  images  in  c  and  d  were  enlarged  to  show  the 
non-nuclear  expression  pattern  of  15-LOX2sv-b.  Original  magnifica¬ 
tions:  a  and  6,  X200;  c  and  df  X400.  e-k,  a  clone  (clone  1)  of  PC3  cells 
stably  transfected  with  pl5-LOX2-hrGFP  (e  and  f)  or  pl5-LOX2sv-b- 
hrGFP  (g  and  h)  was  processed  for  immunofluorescent  staining.  Shown 
are  the  representative  images  of  GFP  ( e  and  g)  and  15-LOX2  (f)  or 
15-LOX2sv-b  (h).  Original  magnifications:  X400.  Untransfected  LNCaP 
or  PC3  cells,  or  LNCaP  or  PC3  cells  stably  transfected  with  pIRES- 
hrGFP,  showed  no  15-LOX2  staining  (not  shown;  also  see  Fig.  3  and 
Ref.  3).  Note  that  15-LOXsv-b  is  mostly  excluded  from  the  nucleus  in 
both  LNCaP  (cD  and  PC3  (h)  cells  and  that  similar  protein  levels  of 
15-LOX2  and  15-LOX2sv-b  were  observed  in  stably  transfected  PCa 
cells  (compare  d  versus  b  or  h  versus  /). 

showed  a  nuclear  staining  intensity  between  those  of  15-LOX2 
and  15-LOX2sv-a/b  (e.g.  Fig.  5,  j,  m,  and  p ;  arrows).  These 


Fig.  5.  Partial  involvement  of  the  putative  NLS  (a03RKGL- 
WRSLNEMKR1FNFRR22 1 )  in  the  import  of  15-LOX2  to  the  nu¬ 
cleus.  The  underlined  RK,  KR,  and  RR  sequences  were  mutated  indi¬ 
vidually  or  in  combination  as  described  under  “Materials  and  Methods.” 
The  respective  expression  plasmids,  along  with  15-LOX2, 15-LOX2sv-a, 
or  15-LOX2sv-b  vectors,  were  transfected  into  PC3  cells.  Shown  are  the 
representative  microphotographs  of  15-LOX2  (a,  d,  g,j,  m,  and  p),  GFP 
(6,  e,  h ,  k ,  n,  and  q),  and  DAPI  (c,  /*,  i,  l ,  o,  and  r)  images.  Note  that 
15-LOX2sv-a  (d)  and  15-LOX2sv-b  (g)  were  excluded  from  the  nucleus 
in  most  cells,  whereas  15-LOX2  was  expressed  throughout  the  cell, 
including  the  nuclear  area  (a).  The  RK/AS  (j),  KR/RS  (ra),  and  RR/AS  (p) 
mutants  and  the  triple  mutant  (not  shown)  showed  reduced  nuclear 
staining  (arrows).  Asterisks  in  a,  d ,  g,  j ,  and  m  illustrate  several 
transfected  15-LOX2-positive  cells  that  are  only  weakly  positive  or 
negative  for  GFP,  probably  because  GFP  was  translated  downstream  of 
15-LOX2  through  IRES.  The  images  are  representative  of  the  results 
from  two  independent  experiments.  Original  magnifications:  X200. 


observations  suggest  that  the  Arg203-Arg221  NLS  is  only  par¬ 
tially  involved  in  the  nuclear  import  of  15-LOX2. 

Similar  to  the  15-LOX2  splice  variants  transfected  into  PCa 
cells  (Figs.  3  and  4),  the  15-LOX2  NLS  mutants  transfected 
into  PC3  cells  also  showed  levels  of  protein  expression  compa¬ 
rable  to  that  of  15-LOX2  on  immunofluorescence  staining  (Fig. 
5).  Because  the  transient  transfection  efficiency  varied  greatly 
with  different  expression  constructs  and  the  efficiency  (1-10%) 
generally  did  not  allow  us  to  quantify  the  protein  levels  by 
Western  blotting,  we  adopted  a  different  approach  to  analyze 
the  mRNA  levels  of  15-LOX2  and  its  variants  or  NLS  mutants 
transfected  into  PCa  cells.  For  this  purpose,  LNCaP  cells  were 
first  transiently  transfected  with  various  expression  constructs 
followed  by  selection  with  G418  for  10  days.  At  the  end  of  the 
selection,  the  majority  of  G418-resistant  cells  were  GFP-posi- 
tive,  and  these  enriched  cells  were  then  used  in  RT-PCR  anal¬ 


ysis  using  a  pair  of  primers  that  could  pick  up  15-LOX2  and  all 
its  three  splice  variants  (3).  As  shown  in  Fig.  6,  untransfected 
LNCaP  cells  and  LNCaP  cells  transfected  with  pIRES-hrGFP 
did  not  express  15-LOX2  or  any  splice  variant,  consistent  with 
previous  observations  (3)  as  well  as  with  protein  data  (e.g.  Fig. 
3).  In  contrast,  LNCaP  cells  transfected  with  15-LOX2  or  its 
splice  variants  or  NLS  mutants  showed  overall  similar  mRNA 
levels  (Fig.  6;  data  not  shown  for  15-LOX2sv-c  and  the  NLS 
triple  mutant).  In  fact,  we  consistently  observed  slightly  higher 
mRNA  levels  for  most  15-LOX2  splice  variants  or  mutants  (Fig. 
6).  These  results  are  consistent  with  our  immunofluorescence 
data  that  show  similar  protein  levels  of  15-LOX2  and  its  vari¬ 
ants  or  NLS  mutants  transfected  into  the  PCa  cells. 

Restoration  of  15-LOX2  Expression  Inhibits  PCa  Cell  Prolif¬ 
eration  in  Vitro  and  Prostate  Tumor  Development  in  Vivo:  15- 
LOX2sv-b  Also  Demonstrates  Significant  Inhibitory  Effect — 
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Fig.  6.  Similar  levels  of  mRNA  expression  of  15-LOX2  and  its 
splice  variants  or  NLS  mutants  transfected  into  PC  a  cells.  LN¬ 
CaP  cells  were  transiently  transfected  with  various  expression  con¬ 
structs,  selected  for  using  G418,  and  then  used  for  RNA  extraction  and 
RT-PCR  analysis,  as  detailed  under  “Materials  and  Methods.”  PC3 
stable  clones  were  also  analyzed  for  mRNA  expression.  The  RT-PCR 
was  performed  using  C-D  primers,  which  amplify  15-LOX2  and  15- 
LOX2sv-c  as  a  546-bp  band  and  15-LOX2sv-a  and  15-LOX2sv-b  as  a 
459-bp  band  (3).  RT-PCR  of  glyceraldehyde-3-phosphate  dehydrogenase 
was  used  as  a  control  (3).  The  respective  plasmids  (the  last  four  lanes; 
1  ng  each)  were  used  as  positive  controls. 


Most  PCa  cells  demonstrate  reduced  or  lost  expression  of  15- 
LOX2  (3-6),  suggesting  that  15-LOX2  may  represent  an 
endogenous  prostate  tumor  suppressor.  To  directly  test  this 
hypothesis,  we  started  by  attempting  to  establish  PCa  cell  lines 
(PPC-1  and  LNCaP)  stably  expressing  15-LOX2  using  the 
pCMS  expression  constructs  (3),  in  which  15-LOX2  or  its  splice 
variants  are  driven  by  the  CMV  promoter,  whereas  the  EGFP 
module  is  driven  by  the  SV40  promoter.  Multiple  experiments 
indicated  that,  although  we  could  initially  establish  stable 
clones  expressing  both  15-LOX2  (or  splice  variants)  and  GFP, 
expression  of  15-LOX2  or  its  splice  variants  was  preferentially 
lost  starting  from  passage  3  (not  shown).  These  results  are 
consistent  with  the  concept  that  15-LOX2,  and  perhaps  its 
splice  variants  as  well,  are  inhibitory  to  PCa  cells. 

We  then  made  expression  constructs  in  the  pIRES-hrGFP 
vector,  in  which  the  transcription  of  both  15-LOX2  (or  splice 
variants)  and  hrGFP  is  controlled  by  the  same  CMV  promoter 
and  translation  of  hrGFP  is  initiated  from  an  internal  riboso- 
mal  entry  site  (IRES).  When  transiently  transfected  into  293 
(not  shown)  or  PCa  cells  (Figs.  3-6),  the  expected  protein 
products  were  detected  by  immunofluorescence  and/or  Western 
blotting.  We  then  used  these  constructs  and  established  stable 
PC3  and  LNCaP  clones  expressing  15-LOX2  or  15-LOX2sv-b. 
Of  the  several  hundred  GFP+  clones  transfected  with  15-LOX2 
or  15-LOX2sv-b  that  we  screened,  only  —1%  of  the  cells  could 
be  made  into  long  term  stable  clones.  By  contrast,  —60%  of 
GFP+  cells  transfected  with  hrGFP  alone  could  become  stable 
clones.  These  observations  are  also  consistent  with  the  15- 
LOX2  being  inhibitory  to  PCa  cells. 

Shown  in  Fig.  7a  is  one  clone  of  PC3  cells  expressing  15- 
LOX2, 15-LOX2sv-b,  or  GFP  alone.  Nearly  all  cells  in  the  clone 
were  GFP-positive  but  only  the  cells  stably  transfected  with 
15-LOX2  or  15-LOX2sv-b  were  double  positive  for  15-LOX2  and 
GFP  (Fig.  7b).  Again,  15-LOX2  was  expressed  in  the  whole  cell, 
including  the  nucleus,  but  15-LOX2sv-b  was  mostly  excluded 
from  the  nucleus  as  revealed  by  both  immunolabeling  (Fig.  lb) 
and  subcellular  fractionation  (Fig.  7c).  Similar  results  were 
observed  with  several  other  PC 3  cells  clones  as  well  as  with 
stable  LNCaP  clones  (not  shown).  Note  that  in  both  Western 
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Fig.  7.  Establishment  of  stable  PCS  cell  clones  expressing  15- 
LOX2  or  15-LOX2sv-b.  a,  Western  blotting  of  15-LOX2  and  15- 
LOX2sv-b  in  a  stable  clone  of  PC3  cells  (passage  6)  using  30  /xg  of  whole 
cell  lysate.  The  15-LOX2  and  15-LOX2sv-b  protein  bands  were  indi¬ 
cated  on  the  right.  NHP6  (passage  5)  cells  were  used  as  a  positive 
control.  6,  the  same  clone  of  PC3  cells  (as  shown  in  a)  stably  transfected 
with  pIRES-hrGFP  (Vector),  pl5-LOX2-IRES-hrGFP  ( 15-LOX2 ),  or 
pl5-LOX2svb-IRES-hrGFP  (15-LOX2sv-b),  respectively,  were  stained 
for  15-LOX2  and  nuclei  (DAP/).  Original  magnifications,  X200.  c,  nu¬ 
clear  localization  of  15-LOX2  but  not  15-LOX2sv-b  in  stably  transfected 
PC3  cells.  Subcellular  fractionation  was  carried  out  as  described  under 
“Materials  and  Methods,”  and  60  jxg  of  nuclear  (nuc)  or  cytosolic  (cyto) 
proteins/lane  was  separated  on  a  15%  SDS-PAGE.  After  transfer,  the 
membrane  was  probed  for  15-LOX2,  stripped,  and  then  reprobed  for 
Spl  proteins  (as  a  nuclear  marker;  the  upper  bands  being  the  phospho- 
rylated  Spl)  or  LDH.  Note  that  several  lower  bands  were  consistently 
detected  in  both  cytosolic  and  nuclear  fractions  from  the  cells  trans¬ 
fected  with  15-LOX2,  which  might  be  degradation  products. 


blotting  (Fig.  7a)  and  subcellular  fractionation  (Fig.  7c),  we 
observed  lower  protein  levels  of  15-LOX2sv-b  than  15-LOX2. 
Similar  differences  were  also  observed  in  transiently  trans¬ 
fected  293  cells  (3)  as  well  as  in  other  stable  clones  of  PC3  and 
LNCaP  cells  (not  shown).  This  difference  was  unlikely  due  to 
differential  protein  expression  as  we  consistently  observed,  on 
immunofluorescence  microscopy,  very  similar  protein  levels  of 
15-LOX2  and  its  splice  variants  or  NLS  mutants  (Figs.  3-5  and 
lb).  More  importantly,  we  observed  similar  levels  of  15-LOX2 
and  15-LOX2sv-b  mRNA  in  the  stably  transfected  PC3  cells 
(Fig.  6).  These  observations,  together,  suggest  that  the  poly¬ 
clonal  anti-15-LOX2  antibody  preferentially  recognizes  15- 
LOX2  and  does  not  recognize  its  splice  variants  well  on  West¬ 
ern  blotting  (e.g.  Fig.  7,  a  and  c),  although  it  recognizes  equally 
well  the  undenatured  proteins  of  15-LOX2  and  its  variants  or 
NLS  mutants  in  immunofluorescent  staining  (e.g.  Figs.  3-5, 
and  lb).  This  conclusion  is  also  supported  by  our  multiple 
experiments  with  transiently  transfected  293  cells  as  well  as 
with  other  PCa  stable  clones  (3;  data  not  shown).  We  are 
currently  developing  15-LOX2  isoform-specific  antibodies  to 
directly  address  this  issue. 

As  expected,  untransfected  PC3  and  LNCaP  cells,  as  well  as 


PI:  Chandra,  Dhyan  (DAMD17-02-1-0083) 


15-LOX2  Is  a  Prostate  Tumor  Suppressor  25097 


Table  I 

15(S)-HETE  production  in  stably  transfected  PCa  cells 
15(S)-HETE  production  was  measured  in  lysates  from  log-phase  cells, 
in  the  presence  of  exogenous  AA  (100  pM;  37  °C  X  10  min)  using 
LC/MS/MS  analysis  as  previously  described  (3).  Data  were  obtained 
from  two  separate  experiments  and  the  values  are  mean  ±  S.D  derived 
from  two  to  three  samples  with  each  cell  type. 


Cells 

15(S)-HETE  level 

ng/106  cells 

PC3 

Untransfected 

0.63  ±  0.18 

GFP 

1.33  ±  0.15 

15-LOX2 

27.95  ±  3.16° 

15-LOX2sv-b 

1.77  ±  0.23 

LNCaP 

Untransfected 

0.85  ±  0.02 

GFP 

0.73  ±  0.05 

15-LOX2 

13.42  ±  0.25° 

15-LOX2* 

0.024  ±  0.002 

15-LOX2sv-b 

0.84  ±  0.06 

a  p  <  0.001  (Student  t  test). 

b  15GS0-HETE  measurement  in  the  absence  of  exogenous  AA. 


PC3  and  LNCaP  cells,  transfected  with  GFP  vector  alone  pro¬ 
duced  little  15(S)-HETE  (Table  I),  because  they  do  not  express 
appreciable  15-LOX2  (3).  By  contrast,  cells  transfected  with 
15-LOX2  produced  a  significant  amount  of  15(S)-HETE  (Table 
I).  In  contrast  to  15-LOX2-transfected  cells,  cells  transfected 
with  15-LOX2sv-b,  in  which  two  exons  have  been  spliced  out 
(3),  produced  little  15GS)-HETE  (Table  I).  These  measurements 
were  done  in  the  presence  of  added  substrate,  AA.  In  the 
absence  of  exogenous  AA,  the  15-LOX2-transfected  LNCaP 
stable  clones  produced  no  15(S)-HETE  (Table  I),  suggesting  c 
that  there  was  very  little  free  AA  in  the  cells  under  the  normal 
culture  conditions.  Collectively,  these  data  suggest  that  the 
15-LOX2  in  the  stably  transfected  PCa  cells  is  enzymatically 
active  ( i.e .  capable  of  metabolizing  AA),  whereas  the  15- 
LOX2sv-b  is  not. 

To  assess  the  effect  of  15-LOX2  re-expression  on  PCa  devel¬ 
opment,  we  first  performed  a  cell  proliferation  assay  using  the 
stable  clones.  Consistent  with  our  previous  transient  transfec¬ 
tion  experiments  (3),  PC3  cells  stably  expressing  15-LOX2  ex¬ 
pression  proliferated  slower  than  either  untransfected  cells  or 
the  vector-transfected  cells  (Fig.  8a).  Surprisingly,  PC3  cells 
stably  expressing  15-LOX2sv-b,  which  does  not  possess  AA- 
metabolizing  activity  and  is  mostly  excluded  from  the  nucleus 
(see  above),  also  showed  slower  cell  proliferation  (Fig.  8a).  The 
inhibitory  effect  of  15-LOX2  and  15-LOX2sv-b  was  observed  in 
either  1%  or  5%  FBS  (Fig.  8a).  As  previously  observed  (3), 
re-expression  of  15-LOX2  or  15-LOX2sv-b  by  itself  did  not 
affect  apoptosis  in  the  transfected  cells,  which  were  all  healthy 
(e.g.  Figs.  3-6,  and  lb).  However,  in  the  presence  of  exogenous 
AA,  the  15-LOX2  stable  clones,  but  not  15-LOX2sv-b  clones, 
showed  a  significant  increase  in  apoptosis  (not  shown).  For 
example,  in  the  presence  of  5  pM  AA  (72  h),  only  14%  of  the  PC3 
cells  stably  transfected  with  15-LOX2  were  alive,  compared 
with  88%,  70%,  and  65%  survivability  in  untransfected  and 
PC3  cells  stably  transfected  with  GFP  or  15-LOX2sv-b,  respec¬ 
tively.  These  results,  consistent  with  previous  observations 
that  high  doses  of  15(S)-HETE  induce  cell  death  in  PCa  cells  (3, 

21),  suggest  that  the  exogenously  added  AA  is  metabolized  by 
transfected  15-LOX2  but  not  15-LOX2sv-b  to  produce  15(S)- 
HETE,  which  in  turn  induces  cell  death. 

Next,  we  carried  out  an  orthotopic  tumor  implantation  ex¬ 
periment  in  which  PC3  cells  stably  expressing  15-LOX2  or 
15-LOX2sv-b  or  the  vector  alone  were  injected  into  the  mouse 
prostate.  The  experiment  was  terminated  63  days  post  tumor 
cell  inoculation.  As  shown  in  Fig.  8  ( b  and  c),  the  PC3  tumors 


Norm*!  ITT  GFP  151.0X2  t$4X>X2av-b 


Fig.  8.  Inhibition  of  PC3  ceil  proliferation  in  vitro  (a)  and 
tumor  development  in  vivo  ( b  and  c)  by  restoration  of  15-LOX2 
expression.  In  a,  proliferation  of  untransfected  PC3  cells  72  h  after 
plating  was  used  as  the  baseline  and  considered  100%.  Proliferation  of 
PC3  cells  stably  transfected  with  pIRES-hrGFP  (GFP),  pl5-LOX2- 
IRES-hrGFP  (15-LOX2 ),  or  p!5-LOX2sv-b-IRES-hrGFP  ( 15-LOX2sv-b ) 
was  presented  as  percent  proliferation  of  the  untransfected  PC3  cells. 
The  bars  represent  the  mean  ±  S.D.  derived  from  three  independent 
experiments.  *,p  <  0.01;  **,  p  <  0.001.  Note  that  the  GFP-transfected 
stable  PC3  cells  also  proliferated  slightly  slower  (statistically  insignif¬ 
icant)  than  the  untransfected  controls,  as  previously  observed  (3).  In  6, 
large  solid  tumors  can  be  easily  seen  in  the  UT  (untransfected)  and  GFP 
groups,  whereas  the  15-LOX2  and  15-LOX2sv-b  groups  showed  mini¬ 
mal  tumor  burden.  In  c,  the  UG  (urogenital)  weights  in  the  UT  and  GFP 
groups  are  significantly  higher  (p  <  0.001)  than  the  uninjected  pros¬ 
tates  (normal).  For  unknown  reasons,  tumors  in  the  GFP  group  are 
larger  than  those  in  the  UT  group  (*,  p  <  0.05;  also  see  6).  In  contrast, 
tumors  in  both  the  15-LOX2  and  15-LOX2sv-b  groups  are  significantly 
(**,p  <  0.001)  smaller  than  tumors  in  either  the  UT  or  GFP  group.  The 
numbers  (n)  of  animals  in  each  group  are  indicated  in  the  parentheses. 

bearing  15-LOX2  were  significantly  smaller  than  the  tumors 
bearing  empty  vector  {i.e.  GFP),  suggesting  that  15-LOX2  re¬ 
expression  suppresses  orthotopically  implanted  prostate  tumor 
growth  in  vivo.  Surprisingly  and  in  support  of  the  in  vitro  data 
(Fig.  8a),  the  PC3  tumors  stably  expressing  15-LOX2sv~b  were 
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also  significantly  smaller  than  the  control  tumors  (Fig.  8,  6  and 
c).  These  results  together  indicate  that  restored  expression  of 
15-LOX2  inhibits  PCa  cell  proliferation  in  vitro  and  tumor 
development  in  vivo  by  functioning  as  a  negative  cell-cycle 
regulator.  Like  15-LOX2, 15-LOX2sv-b  also  exhibits  inhibitory 
effects. 

DISCUSSION 

The  present  study  has  made  the  following  novel  findings:  1) 
15-LOX2  is  expressed  at  multiple  subcellular  locations,  includ¬ 
ing  the  cell-cell  border  and  nucleus  in  addition  to  cytosol;  2) 
none  of  the  three  15-LOX2  splice  variants  is  expressed  in  the 
nucleus;  3)  a  putative  NLS  found  in  the  N  terminus  of  15-LOX2 
is  partially  involved  in  its  nuclear  targeting;  4)  stable  restora¬ 
tion  of  15-LOX2  expression  in  PCa  cells  inhibits  their  prolifer¬ 
ation  in  vitro  and  tumor  development  in  vivo\  and  5)  15- 
LOX2sv-b,  which  does  not  possess  the  AA-metabolizing  activity 
and  is  mostly  excluded  from  the  nucleus,  demonstrates  similar 
inhibitory  effects  when  overexpressed. 

Localization  of  15-LOX2  at  the  Cell-Cell  Borders — A  portion 
of  15-LOX2  is  concentrated  at  the  cell-cell  borders  in  NHP  cells 
in  vitro  as  well  as  in  prostate  epithelial  cells  in  vivo  (Fig.  1). 
Located  at  the  cell-cell  borders  are  cell  junctions,  including 
occluding,  anchoring,  and  communicating  junctions  (22).  The 
anchoring  junctions  at  the  cell-cell  borders  mainly  have  two 
types:  adherens  junctions  and  desmosomes,  both  of  which  hold 
cells  together  and  are  formed  by  transmembrane  adhesion 
proteins  that  belong  to  the  cadherin  family  (22,  23).  In  adher¬ 
ens  junctions,  the  cytoplasmic  tails  of  cadherins  (mainly  E- 
cadherin)  bind  to  anchor  proteins  (catenins,  a-actinin,  and 
vinculin)  that  tie  them  to  actin  filaments  (22,  23).  In  desmo¬ 
somes,  the  cytoplasmic  tails  of  cadherins  (desmoglein  and  des- 
mocollin)  bind  to  anchor  proteins  (plakoglobin  and  desmo- 
plakin)  that  tie  them  to  intermediate  filaments  keratins  (22, 
23).  Interestingly,  15-LOX2  expressed  at  the  cell-cell  borders 
co-localizes  with  E-cadherin  (Fig.  1),  the  major  cadherin  mole¬ 
cule  expressed  in  epithelial  cells.  Western  blotting  analysis 
suggests  that  the  15-LOX2  expression  pattern  in  multiple  NHP 
strains  and  PCa  cell  lines  coincides  with  that  of  a  novel  E- 
cadherin  splice  isoform:  both  are  abundantly  expressed  in  all 
primary  strains  and  both  are  lost  in  all  PCa  cell  lines  examined 
(3).2  Subcellular  fractionation  studies  indicate  that  a  signifi¬ 
cant  portion  of  15-LOX2  localizes  to  the  CAP  as  well  as  the 
cytoskeleton  and  membrane  fractions  (Fig.  2).  Together,  these 
observations  suggest  that  some  15-LOX2  molecules  are  proba¬ 
bly  associated  with  the  E-cadherin-based  adherens  junctional 
structures  that  help  maintain  the  prostate  epithelial  integrity. 
A  provocative  piece  of  evidence  that  supports  this  possibility  is 
that  both  15-LOX2  and  E-cadherin  are  down-regulated  or  lost 
in  PCa  cells,  and,  in  both  cases,  the  loss  of  15-LOX2  or  E- 
cadherin  expression  is  inversely  correlated  with  grades  and 
stages  of  the  disease  (4,  5,  24,  25). 

Several  other  mammalian  LOXs  have  also  been  shown  to  be 
localized  in  non-cytosolic  compartments  and  interact  with  some 
of  their  constituents.  For  example,  5-LOX  has  been  reported  to 
bind  actin  and  a-actinin  (26).  Platelet-type  12-LOX  has  been 
shown  to  be  distributed  in  the  membrane  fractions  (27)  and 
may  interact  with  some  cytoskeletal  proteins  such  as  keratin 
and  lamin  (28).  Finally,  15-LOX1  is  well  known  to  interact 
with,  oxidize,  and  degrade  intracellular  organelle  {e.g.  ER  and 
mitochondria)  membranes  (29,  30).  These  observations  to¬ 
gether  suggest  that  LOX  in  general  and  15-LOX2  in  particular 
are  localized  at  multiple  subcellular  microdomains  and  may 
participate  in  distinct  cellular  processes. 

Nuclear  Localization  of  15-LOX2 — Another  particularly  in- 
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teresting  subcellular  localization  of  15-LOX2  is  in  the  nucleus. 
Conceptually,  this  might  provide  an  explanation  to  a  conun¬ 
drum  we  briefly  touched  upon  before  (3):  how  may  15-LOX2 
inhibit  cell-cycle  progression?  The  main  15-LOX2  metabolite, 
15(S)-HETE,  has  been  shown  to  be  a  ligand  for  peroxisome 
proliferator-activated  receptor  y  or  PPARy  (21,  31,  32),  which 
has  recently  been  shown  to  mediate  cell-cycle  arrest  in  a  di¬ 
verse  array  of  cell  types  by  suppressing  cyclin  D1  expression 
(33-35).  Therefore,  it  is  possible  that  15-LOX2  may  affect  cell- 
cycle  arrest  in  NHP  cells  (3)  by  activating  PPARy.  However, 
the  concentration  of  15(S)-HETE  required  to  activate  PPARy  is 
generally  >30  fiu  (21,  31,  32),  which  may  be  difficult  to  attain 
intracellularly.  Therefore,  the  nuclear  localization  of  15-LOX2 
may  allow  the  generation  of  sufficient  concentrations  of  the 
15GS)-HETE  ligand  in  the  proximity  of  PPARy  to  achieve  acti¬ 
vation  of  the  receptor. 

How  is  15-LOX2  imported  to  the  nucleus?  A  database  search 
allowed  us  to  identify  a  potential  bipartite  NLS  at  the  N  ter¬ 
minus  of  15-LOX2.  Site-specific  mutagenesis  studies  reveal 
that  this  sequence  is  only  partially  involved  in  the  nuclear 
import  of  15-LOX2,  because  its  mutations  do  not  completely 
eliminate  the  nuclear  expression  of  the  molecule.  This  result  is 
not  surprising  because  many  of  these  putative  NLSs  are  not  the 
sole  determinants  of  or  may  even  not  be  involved  at  all  in 
protein  nuclear  import  (36).  The  relevant  example  is  5-LOX, 
which  translocates  to  the  nucleus  upon  cell  stimulation.  Sev¬ 
eral  groups  identified  a  typical  bipartite  NLS  (638RKNLEATVS- 
VIAERNKKK655)  that  appears  to  be  sufficient  for  5-LOX  nu¬ 
clear  localization  (37-40),  whereas  another  group  found  that 
the  nuclear  import  of  5-LOX  is  probably  mediated  by  a  non- 
conventional  signal  located  in  the  N-terminal  /3-barrel  domain 
(41,  42).  However,  a  recent  study  (43),  using  more  rigorous 
structural  and  functional  criteria,  convincingly  demonstrated 
that  neither  of  these  two  sequences  functions  as  the  true  NLS 
for  5-LOX.  It  turns  out  that  most  of  the  site-specific  mutations 
{e.g.  R651Q)  carried  out  in  these  regions  that  eliminate  the 
5-LOX  nuclear  localization  also  abrogate  the  enzymatic  activity 
of  the  protein,  which  seems  to  be  important  for  the  nuclear 
import  (43).  Instead,  a  previously  unrecognized  basic  region, 
518RGRKSSGFPKSVK630  located  on  a  random  coil  of  the  cata¬ 
lytic  domain,  appears  to  function  as  the  authentic  NLS,  be¬ 
cause  this  sequence  is  sufficient  to  drive  GFP  to  the  nucleus 
and  mutations  of  the  underlined  basic  amino  acids  significantly 
diminish  the  nuclear  import  of  5-LOX  without  affecting  the 
enzymatic  activity  (43).  A  homology  search  did  not  identify 
related  sequence(s)  in  15-LOX2.  Therefore,  it  is  still  unclear 
how  15-LOX2  is  imported  into  the  nucleus.  Perhaps  the 
Arg203-Arg221  NLS  in  15-LOX2  cooperates  with  some  other 
sequences  or  motifs  to  import  the  molecule  to  the  nucleus. 

Consistent  with  the  notion  that  the  Arg203-Arg221  NLS  is  not 
the  sole  determinant  of  the  15-LOX2  nuclear  localization,  the 
three  15-LOX2  splice  variants,  which  all  retain  this  NLS,  are 
mostly  excluded  from  the  nucleus.  Because  these  splice  vari¬ 
ants  do  not  share  conserved  regions  in  the  sequences  divergent 
from  the  parental  15-LOX2  (3),  it  is  unlikely  that  their  inability 
to  go  into  the  nucleus  is  due  to  deletion  of  an  NLS  in  these 
variant-unique  regions.  The  nuclear  exclusion  of  these  15- 
LOX2  splice  variants  is  also  unlikely  due  to  an  overall  reduced 
protein  expression,  because  we  have  consistently  observed  sim¬ 
ilar  mRNA  (Fig.  6)  as  well  as  comparable  protein  expression 
levels  (Figs.  3-5,  and  76)  of  15-LOX2  and  its  variants  or  NLS 
mutants.  It  is  possible  that  changes  in  protein  folding  or  con¬ 
formation  somehow  mask  the  responsible  NLS  and  preclude 
these  splice  variants  from  interacting  with  importins,  proteins 
required  for  nuclear  import  (19),  and  thus  prevent  their  import. 
In  support  of  this  possibility,  we  have  consistently  noticed  that 
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the  anti-15-LOX2  antibody  does  not  recognize  well  the  dena¬ 
tured  15-LOX2  splice  variants  on  Western  blotting  (Fig.  7,  a 
and  c;  data  not  shown),  suggesting  that  15-LOX2  splice  vari¬ 
ants  probably  adopt  different  conformations  from  15-LOX2. 
Alternatively,  the  reduced  or  lost  enzymatic  activity  (i.e.  to 
metabolize  AA  to  produce  15(S)-HETE)  renders  these  variants 
cytoplasmic,  because  it  has  been  previously  demonstrated  that 
mutations  that  eliminate  the  5-LOX  enzymatic  activity  also 
abolish  its  nuclear  import  (see  discussion  above).  Indeed,  com¬ 
pared  with  15-LOX2,  15-LOX2sv-a  has  decreased  specificity 
and  activity  (2),  whereas  15-LOX2sv-b  is  inactive  (Table  I). 
15-LOX2sv-c  is  also  predicted  to  be  enzymatically  dead,  be¬ 
cause  this  splice  variant  lacks  the  C -terminal  isoleucine,  which 
is  conserved  in  all  known  LOXs  and  is  required  for  the  coordi¬ 
nation  of  catalytic  iron  (44).  Yet  another  possibility  is  that 
15-LOX2,  upon  entering  the  nucleus,  is  retained  in  the  or¬ 
ganelle  by  physically  interacting  with  one  or  more  other  pro¬ 
teins.  The  15-LOX2  splice  variants,  on  the  other  hand,  due  to 
structural  changes,  cannot  be  retained  in  the  nucleus,  although 
they  might  be  able  to  be  imported.  We  are  currently  exploring 
these  possibilities. 

15-LOX2sv-b  Also  Inhibits  PCa  Cell  Proliferation  and  Tumor 
Development  in  Vivo — 15-LOX2  is  a  negative  cell-cycle  regula¬ 
tor  (3)  and  its  expression  is  down-regulated  or  lost  in  PCa  cells 
(3-6),  suggesting  that  it  may  represent  an  endogenous  prostate 
tumor  suppressor.  To  lend  direct  support  to  this  possibility, 
stable  re-expression  of  15-LOX2  in  PCa  cells  inhibits  their 
proliferation  in  vitro  as  well  as  tumor  growth  in  vivo .  Surpris¬ 
ingly,  15-LOX2sv-b,  a  splice  variant  that  does  not  localize  in 
the  nucleus  and  does  not  possess  AA-metabolizing  enzymatic 
activity,  also  inhibits  PCa  cell  proliferation  and  tumor  growth. 
This  observation  is  slightly  different  from  our  previous  tran¬ 
sient  transfection  experiments  in  which  we  found  apparent  but 
statistically  insignificant  inhibitory  effect  of  15-LOX2sv-b  on 
PCa  cell  proliferation  (3).  A  likely  explanation  for  this  discrep¬ 
ancy  is  that  the  inhibitory  effect  of  15-LOX2sv-b  is  manifested 
more  slowly  than  that  of  15-LOX2  so  that  by  48  h  after  trans¬ 
fection  only  a  small  inhibitory  effect  was  observed  for  15- 
LOX2sv-b  (3).  Therefore,  the  inhibitory  effect  of  15-LOX2sv-b  is 
fully  manifested  in  the  stable  clones  (this  study).  Another  pos¬ 
sibility  is  that,  in  previous  transient  transfection  experiments, 
we  used  the  pCMS  expression  constructs  in  which  15-LOX2sv-b 
and  GFP  were  driven  by  separate  promoters  (3).  As  pointed  out 
under  “Results,”  in  some  cells  transfected  with  the  pCMS  ex¬ 
pression  constructs  the  15-LOX2sv-b  (and  15-LOX2)  expression 
is  preferentially  lost,  which  may  lead  to  an  underestimation  of 
their  inhibitory  effect  on  PCa  cell  proliferation.  On  the  other 
hand,  a  tumor-suppressive  function  of  15-LOX2sv-b  is  consist¬ 
ent  with  our  previous  findings  that  the  mRNA  and  protein 
levels  of  15-LOX2  splice  variants  are  also  reduced  in  multiple 
PCa  cells  (3).  The  precise  biological  roles  of  15-LOX2  as  well  as 
various  15-LOX2  splice  variants,  the  latter  of  which  are  also 
expressed  in  vivo ,3  in  maintaining  physiological  prostate  ho¬ 
meostasis  and  in  PCa  development  remain  to  be  clarified.  Nev¬ 
ertheless,  the  results  presented  in  this  study  raise  the  possi¬ 
bility  that  15-LOX2  may  possess  biological  activities 
independent  of  AA-metabolizing  activity  and  independent  of  its 
nuclear  localization.  How  15-LOX2  inhibits  PCa  cell  prolifera¬ 
tion  without  resorting  to  AA  metabolism  is  currently  unclear. 
One  possibility  is  that  15-LOX2  as  well  as  its  splice  variants 
might  directly  catalyze  the  oxidation  and  degradation  of  bi¬ 
omembranes,  analogous  to  15-LOX1  (29,  30). 

Together,  the  data  presented  herein  suggest  at  least  two 
signaling  pathways  that  could  conceptually  mediate  the  biolog- 


3  S.  B.  Shappell,  unpublished  observations. 
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Fig.  9.  A  hypothetical  model  of  the  mechanisms  of  action  of 
15-LOX2.  See  text  for  details. 

ical  functions  of  15-LOX2  (Fig.  9).  Under  physiological,  un¬ 
stimulated  conditions,  15-LOX2  as  well  as  its  splice  variants 
may  inhibit  cell  proliferation  through  as-yet-unknown  mecha¬ 
nisms  independent  of  the  nuclear  localization  and  enzymatic 
activity  (i.e.  AA  metabolism).  Furthermore,  localization  of  15- 
LOX2  to  the  cell-cell  borders  and  its  association  with  the  cy¬ 
toskeleton  may  help  maintain  the  differentiated  phenotype  of 
prostate  glands.  Under  stimulated  conditions,  AA  will  be  mo¬ 
bilized  resulting  in  increased  15(£)-HETE  production  in  the 
cells,  especially  in  the  nucleus,  which  may  lead  to  PPARy-de- 
pendent  cell-cycle  arrest.  This  model  explains  why  PCa  cells 
suppress  the  expression  of  both  15-LOX2  and  its  enzymatically 
inactive  splice  variants  (3).  The  model  also  predicts  that  resto¬ 
ration  of  15-LOX2  or  its  splice  variant  expression  should  sup¬ 
press  PCa  development,  a  prediction  borne  out  by  orthotopic 
tumor  implantation  analysis  (Fig.  8). 
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